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ABSTRACT
Fundamental studies of material surfaces are of continued interest to the development and
improvement of many modern technologies, e.g. catalysis, energy efficient electronics, and highcapacity batteries etc. This dissertation targets two distinct sets of molecule-surface interactions
relevant to the continued development of structure-property correlations using tools from Density
Functional Theory with added verification from ultrahigh vacuum surface-science experiments.
These include Haber-Bosch interactions at molybdenum-nitride surfaces and separation-dependent
interactions between simple aromatics and Ru(0001) used to model a metal contact of Organic
Electronic Devices (OEDs). In the first study, we focus on computational modelling of nitrogen
fixation reactions on Mo- and N-terminated δ-MoN(0001). A comparative analysis to analogous
predictions reported for Mo-terminated γ-Mo2N(111) sites demonstrates a near-total dependence
on the atomic surface-structure with little to no impact from changes in sub-surface stoichiometry.
Changing from Mo- to N-terminated surface drastically changes the reaction barriers such that the
rate-limiting-step in the overall ammonia evolution reaction changes from NHx hydrogenation to
N2 dissociative adsorption. In the second one, we explored the effect of changing metal-organic
molecule separation on charge-transfer across the interface and the electronic properties of organic
matter pertinent to OEDs. We studied various computational models of benzene and pyridine
molecules held at fixed distances from Ru(0001) by introducing two-dimensional hexagonal SiO2
thin-films between molecules and the metal. Substantial metal-to-molecule charge-transfer is
noted when molecules bind directly to the Ru interface, but virtually no interaction is noted when
increasing metal-molecule separations up to ~12 Å. An analogous series of experiments
investigating pyridine-Ru interactions introduced after exposing SiO2/Ru(0001) thin-films to
varied doses of pyridine exhibits behavior similar to that predicted by theory.
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CHAPTER 1 INTRODUCTION
Background
For a few decades, researchers are looking for novel materials with exciting properties for various
technological applications. From industrial catalyst to active material of car battery, from infrared
reflecting clothing to suits for astronauts and from an electronic gadget to high-speed
supercomputer, all industries rely on supply of materials having specific properties. In order to
search and design novel materials, use of plethora of characterization techniques, both
experimental and computational, is required.
This dissertation deals specifically with two motives. Firstly, Understanding of catalytic properties
of Molybdenum Nitride surfaces for ammonia formation reaction. This study is important to adapt
to industrial needs for coming forth with more active and economical catalyst to mitigate global
energy problem. Secondly, study of metal/insulator/semi-conductor interfaces in hopes of better
understanding organic electronic device. Particularly, inhibiting of charge transfer between metal
substrates and active device materials which can cause adverse effects on device performance.
To achieve these motives of getting mechanistic understanding of different materials and important
processes, computational and experimental techniques. For computational endeavor, we use
Density Functional Theory DFT with added van der Waals effects to study interactions of
molecules on surfaces. DFT has proved to be an extremely versatile and useful tool for prediction
of both physical and chemical properties of materials.
In order to verify theoretical predictions, careful experiments on well-selected samples needs to
be conducted. We followed the preparation of atomically ordered thin-films having specific
terminations under Ultra-High Vacuum UHV and their characterization using UHV
1

characterization techniques. Study of samples under UHV, to virtually isolate them from all
environmental effects, was chosen to provide the complimentary analysis to simulation results.
Organization of the thesis
Chapter 2 begins with the discussion about Hohenberg-Kohn Theorems and Kohn-Sham
Equations which provides the basic framework for present-day form of Density Functional Theory
(DFT). It further discussed important approximations like Local Density Approximation LDA,
Generalized Gradient Approximation GGA and meta-GGA functionals and compares them
together. It also briefly describes a typical DFT calculation.
Chapter 3 is devoted to thin film growth and characterization techniques. Electron beam assisted
physical vapor deposition; technique used to grow thin films in this dissertation is explained.
Furthermore, basic working principles of characterization techniques like X-ray Photoelectron
Spectroscopy XPS, Low Energy Electron Diffraction LEED and Temperature Programmed
Desorption TPD are summarized. Apparatus used in the study is also mentioned.
Chapter 4 deals with ammonia formation from N2 and H2 on Mo-terminated hexagonal
Molybdenum Nitride using DFT. Specifically, Langmuir-Hinshelwood Mechanism is explored to
elucidate the whole process from adsorption of reactants to desorption of products.
In Chapter 5 deals with interaction of benzene and pyridine molecule with Ru(0001) surface with
and without added silica layers in between. Both experimental characterization and computational
tools were used for this purpose. The purpose of this chapter is to understand the effect of charge
transfer through the silica layers and its effect on electronic properties of organic molecules.

2

CHAPTER 2 DENSITY FUNCTIONAL THEORY
Density Functional Theory often abbreviated as DFT is extremely useful and versatile tool for
modeling material systems at the atomic level by working with continuous density of electronic
charge instead of many-body techniques. By modelling the system down to atomic level,
macroscopic physical observables, e.g. change in work function, Density of States (DOS),
structural features etc. can be calculated to be compared with experimental values. In addition to
these, DFT can also be used to estimate other observables like elastic constants, optoelectronic
properties, HUMO-LUMO gap etc.
In this chapter we shall give a brief but thorough explanation of key concepts of DFT starting from
historical perspective especially the two Hohenberg-Kohn theorems which lead to the birth of
DFT. In the next section, Kohn-Sham equations are discussed. These equations provide the
practical approach for material modeling using DFT. In the next section, a key interaction term i.e.
“exchange-correlation” is discussed.
Moving further, different approximations developed and used are discussed. These approximations
are Local Density Approximation (LDA), Generalized Gradient Approximation (GGA) and metaGGA approximations. Furthermore, approaches for modeling van der Waals interactions (vdW),
either by added term or all-inclusive functionals is discussed. Most of the work in this study is
modelled by optB88, all-inclusive functional approach. In the last section, we talked about general
computational parameters concerning a calculation such as choice of basis set, k-point sampling
and pseudopotentials. The introduction given here can only be considered as a brief overview of
Density Functional Theory and is by no way exhaustive. If anyone is further interested, many
textbooks and review articles are published specific to DFT approach and its implementation. 1–3
3

Schrödinger Equation and its applicability
In order to describe a quantum mechanical system, one must solve the Schrödinger Equation. For
a system containing m nuclei and n electrons and their spatial coordinates are represented by
and

respectively, Schrödinger Equation can be written as;

In this Equation,

is Hamiltonian operator containing terms related to electron nuclei mutual

interactions, E is the energy of the system and
information about the system. Wavefunction

is wavefunction which contains all the

as one might expect is not straight forward to

calculate since it depends upon spatial coordinates of all the electrons as well as nuclei.
Furthermore,

operator is composed of several terms like electrons kinetic energy term (Te),

nuclei kinetic energy term (Tn), electron-electron interaction term (Ve-e), nuclei-nuclei interaction
term (Vn-n), and the nuclei-electron interaction term (Vn-e).
Exact solution of such a complex equation is only possible for very simple systems, like for
Hydrogen atom or other single electron systems like Rydberg atoms. Numerical solutions are also
only helpful for few simple cases of few electrons. For complex systems containing many atoms
and molecules forming bonds of varying nature and strengths, numerical approaches also fails. In
order to get a perspective of the required memory and computational power, we estimate the
number of memory units required to save the wavefunction of a simple case of thirteen electrons.
In order to save the full wavefunction for all electrons on a real-space grid of one hundred points
in each dimension, we would require a hard disk space of 10013*3 memory units. One can see that
this number is astronomically large and is impossible to move forward with such an approach. In
order to obtain information about the system without solving the Schrödinger Equation
4

analytically, approximations are must to be used. First and largely applicable approximation is
Born-Oppenheimer Approximation which considers nuclei as stationary masses with no kinetic
energy. Since the mass of nucleus is several orders of magnitude more than electrons, BornOppenheimer approximation works for a wide variety of systems. This simplifies the equation by
converting coordinates of nuclei into mere parameters. Moreover, nuclei-nuclei interaction terms
and nuclei kinetic energy terms can be ignored. Though, Born-Oppenheimer Approximation
simplifies the scenario to a great extent and can be used on wide variety of systems without loss
of practical accuracy, is not enough to obtain useful information about complex systems containing
many electrons and nuclei.
In order to overcome such a difficulty, Hohenberg and Kohn put forth a different approach which
saves us from solving Schrödinger Equation of the system. The Hohenberg Kohn Theorems serves
as a basis for Density Functional Theory (DFT). Instead of working with separate coordinates for
nuclei, DFT models the interaction between nuclei and electrons as potential field which electrons
feel due to presence of stationary nuclei. DFT further considers that energy of a system of such
electrons is a functional of electron density

of the system. In other words, one can write energy

of a quantum mechanical system as:

In this equation, Vext called “external potential” is the field which electrons experience due to the
presence of stationary nuclei. If this equation is valid, energy and other properties of the systems
narrow down to a single variable of electron density.

5

Proof Of Hohenberg Kohn Theorems
First Hohenberg-Kohn Theorem states that external potential is a functional of electron density
such that it is uniquely determined by electron density.4 To prove Hohenberg-Kohn Theorems, we
consider an electron gas of density
wavefunction
density

experiencing an external potential of

has a ground state

and total energy . Now assume there is a second system having same electron

experiences a different external potential

and wavefunction

. The ground state energy of this system

. In this situation, one can write Hamiltonians for these two systems as

and ′ minimizes the energy, we can write:

Since we know that ground state wavefunctions

Following the same analogy, one can write

Adding these two equations, one can obtain,
6

Which is clearly not true. Thus our initial assumption of same density leading to different energies
and wavefunctions is not true and there exists a one-to-one correspondence between electron
density and external potential. Thus, one can write,
(1)
Where,

One might argue that how one can be sure that electron density is indeed ground state electron
density. Second Kohn-Sham Theorem establishes that the functional of electron density yields the
ground state energy if and only if the input electron density is the ground state electron density. 4
This can be proved using variational principle. We assume that
density and

Since

is actual ground state electron

is a trial electron density. Putting, the trial electron density

in Equation 1, we get:

is the ground state electron density and variational principle states that ground state Energy

is minima of Hamiltonian operator,

Thus, we prove that functional of ground state electron density indeed gives ground state energy.
Kohn-Sham Equations
In order to utilize the power of Hohenberg Kohn Theorems, Kohn and Sham came up with two
7

Equations known as Kohn-Sham Equations.

5

They realized that exact form of

is

exceedingly difficult to obtain for an actual physical system. Thus, they considered a fictitious
system of non-interacting electrons which has the same density as the real system under
consideration. Thus, one can write the electron density as,

In this equation, (r) are Kohn-Sham (KS) wavefunctions. Note here that our fictitious system,
kinetic energy term is not equal to the kinetic energy term in real system. In order to account for
this difference, Kohn-Sham introduced an extra term in the functional called “Exchange
Correlation term”

Here,

is the energy term due to electron-electron interaction. Our newly introduced

exchange correlation term can be broken into two terms of kinetic energy correction due to
interaction of electrons and other correction terms, like electron-electron exchange term and selfinteraction error term.
Now, we are in the position of writing the energy of our real system as;

Applying the variational principle to the above equation, We can obtain,

8

Thus, we have reduced the problem of many-body interacting system to a non-interacting system
of electrons. Such a system of non-interacting particles can be solved using Single Particle
Schrödinger Equation.
Modelling Exchange-Correlation Interaction:
Leading the discussion until here, no approximation except the trivial Born-Oppenheimer
Approximation is implemented and theory is still exact. The exchange-correlation depends upon
density of the system but its exact dependence on the electron density is complex and unknown.
Finding exchange-correlation term is the tedious task where approximations are applied.
Going further we shall mention different approaches to modelling of exchange-correlation
interaction. We shall restrict ourselves to the local or semi-local approaches where one assumes
that exchange correlation interaction at each point depends upon electron density or its gradient at
that point in space. Recently, scientists have developed functionals depending upon Laplacian of
the density in addition to gradient. More complex dependence leads to more accurate results at the
high computational cost.
Local Density Approximation:
Local density Approximation assumes that Exchange Correlation

at each point depends on the

value of electron density at that point. In mathematical form one can write;

LDA approximation proposed by Hohenberg and Kohn in 1964 is the most basic yet very
9

important approximation which made DFT practically useable. 6–8 Over the course of many years,
researchers used LDA to obtain useful results but LDA overestimates the bond energies. It also
fails to give correct results for highly localized orbitals like transition metal and their oxides. For
example, LDA estimates non-magnetic ground state for iron.
Generalized Gradient Approximation (GGA)
In order to increase the accuracy to next level, Generalized Gradient Approximation (GGA)

8–14

was introduced. Instead of dependence on density alone, GGA considers that exchange correlation
also depends upon gradient of electron density. Hence, one can write,

With new approximation, more accurate results are possible. Correct magnetic properties were
obtained for magnetic systems and the overestimation of bond strengths were corrected. In this
way, scientists move one step closer to modelling of atoms and molecules.
Many different approaches were introduced to model exchange-correlation dependence. Some
researchers stick to empirical methods with no input from experimental results giving them wider
selectivity for different materials. While other groups introduced semi-empirical methods
increasing the accuracy for a particular class of materials. One such method is Perdew, Burke, and
Ernzerhof (PBE)

12

which became popular due to its increased accuracy and wide applicability.

One pitfall of both LDA and GGA functionals are their local behavior. Long range interaction (van
der Waals interactions) cannot be captured.
Long Range Interactions
Long Range Interactions, more commonly known as Van der Waals Interactions (vdW) are
relatively weak, long-range non-local correlations which are result of induced or instantaneous
10

dipoles due to motion of electrons. These interactions play a key role in chemical reactions since
physisorption of organic molecules on metal surfaces is generally governed by van der Waals
Interactions.
In order to account for vdW interactions, over the course of years many different schemes were
proposed. Some researchers approach the problem by adding an additional term into the DFT
energy 15–23 already calculated by either LDA or GGA. So, DFT-D115, DFT-D216, DFT-D317 and
TS19 methods falls into this category. Correction term depends upon several factors. For example
for the case of DFT-D1, correction term depends upon

Here,

denotes dispersion coefficient for atoms i and j.

is interatomic distance and

is a

damping factor. These functionals are fast and computationally cheap but falls short of accuracy.
On the other hand, second approach is to model vdW interaction as a functional of electron density
and implement it into exchange correlation calculation. The vdw-DF 20,21,24 and vdw-DF2 22 are
famous examples of this methodology. vdW-DF calculate dispersion interactions directly from
electron density.

Last term in this equation is;

Where

is a universal kernel and its value depends upon the different classes of vdw-DF
11

methods.

21,22

Due to direct implementation of long-range interactions, vdw-DF methods are

usually computationally more expensive but produce more accurate results for a wide variety of
systems.
There are other functionals which improves accuracy of the system at the expense of computational
cost. In order to remain focused, we shall concentrate on functionals to GGA-vdw level. In the
present work, we mainly used opt-B88 functional.

20

For this functional, exchange functional is

same as for the PBE exchange functional with an enhancement factor Fx of

Bader Charge Analysis
Transfer of charge between different atomic species will give useful information about the type of
bond present. For example, a large charge transfer between a metallic substrate and organic
adsorbate can indicate a chemisorption process and likewise a weak transfer will allude to
physisorption. Since, DFT considers electron density as continuous quantity, definition of atomic
size is vague. Richard Bader proposed a way to calculate atomic volumes by the looking for the
minimum in charge density around each atom.25 Change in total charge density inside the Bader
volume can be calculated. In this way, one can account for charge transfer between species and
get better understanding of nature of bonding. Recently Henkelmen et al put forward a grid-based
scheme to calculate charge in Bader volumes making Bader charge analysis an easy and robust
tool to use. 26
Nudged Elastic Band
DFT works well to give results comparable to experimental measurements for ground state. It
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gives quite useful insight about system under consideration but sometimes one is interested in a
state other than ground state. A typical example is a chemical reaction where an energy barrier
between the reactants and the products is the point of interest. Researchers devised different
approaches to get information about an excited state.
One such technique is called Nudged Elastic Band (NEB) which can be used to model chemical
reactions and calculate energy barriers.

27–29

A NEB calculation works by optimizing a set of

system images between a set of fully optimized initial and final states. At first, a trial set of images
are chosen, by interpolation, for example. A so-called spring force is added along the reaction path
that keeps images away from each other. In this way, a reaction energy profile is established. A
climbing image algorithm is sometimes employed, which drives the highest energy image to a
transition state. Number of images should be selected keeping the balance between computational
costs and accuracy.
General Computational Considerations
In previous sections, we discussed general concepts leading to Density Functional Theory (DFT)
and some approaches to material modeling. In this section, we shall mention some computational
details necessary to use DFT as a software code and exploit the computing power of computers to
obtain useful physical information. We shall stick to the details which are necessary in
understanding the concept of calculations carried out in this thesis. We shall start by mentioning
the choice of basis set, k-point sampling of Brillion zone and pseudopotentials. Lastly, we shall
finish the chapter by laying out the process of a DFT calculation.
Plane-Wave Basis Set
Blöchl realized that ground state energy for a real system can be achievable with less
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computational cost if one exploit the symmetry of lattice. Since atomic lattice is quite symmetric,
probability density should also follow the symmetry. Blöchl introduced plane-wave basis set for
expansion of KS wavefunction. 30 So, in a periodic potential, we can write,

So, for the function at

Since

, where

is periodicity of the lattice,

is periodic, we have

So,

Thus, probability density

will be same as

.

K-point sampling
Using a full plane-wave expansion, an infinite number of k vectors are necessary to calculate total
energy for a finite system. Fortunately, a full expansion of k vectors is not necessary to get a
converged total energy. By carefully sampling the first Brillion zone (BZ) with finite k-points, one
can get accurate results. In this study, we use Monkhorst-Pack grid which uniformly distributes
the k points in the first BZ. 31
Pseudopotentials
Core shell electrons are tightly bound to the nucleus and do not take part in a chemical reaction.
Thus, accurate modelling of core electrons is not so important but they do screening of the nuclear
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charge for the outer shell electrons. In order the reduce the number of electrons, plane wave
expansion is conducted only for valence electrons. Combined effect of nucleus and core level
screening is combined to form a “pseudo-potential”.

32,33

Also, pseudo potentials also behave

smoothly near the nucleus where actual potential might behave rapidly while away from nucleus
around valence electrons, it behaves similar to external potential.
One useful scheme to improve performance is to use Projector Augmented Wave (PAW) method
32,34

. In this method, first pseudo-wavefunctions are obtained by solving Kohn-Sham equations

using pseudopotentials. Then, following a projection scheme, projector wave-functions are built
from pseudo wavefunctions. Projected pseudo wave functions are more accurate from pseudo-ones
and give more accurate properties of the system.
Process of a DFT calculation
In order to use plane wave basis set and exploit the periodicity of the lattice, system needs to be
periodic in all directions. Though it is true for bulk calculations, surfaces are not periodic
perpendicular to the surface. Similarly, molecules in the gas phase, are not periodic in any
direction. To account for that, a supercell is constructed from the system under consideration by
adding sufficient vacuum in the direction where system is not periodic.
After the construction of supercell as per requirement, a potential is constructed from initial
position of ions. Then a trial charge density is selected to start the iterative process. An exchangecorrelation potential is calculated based on charge density. Then KS equations are solved using
the calculated potential using selected basis set. A new charge density is then calculated. If the
updated charge density satisfies the convergence criteria, calculation is stopped. Otherwise, cycle
will continue until convergence is reached. In this dissertation, conjugate gradient (CG) method
15

35,36

or the quasi-Newton method 37 are used to obtain ground state energy and other properties of

the system.
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CHAPTER 3 EXPERIMENTAL TECHNIQUES
The system available in Kaden’ Lab consists of an ultra-high vacuum chamber with base pressure
of 1 x 10-10 Torr. It has e-beam assisted Physical Vapor Deposition Evaporator to grow thin films
and many characterization techniques to study grown films. These characterization techniques
include X-ray Photoelectron Spectroscopy, Low Energy Electron Diffraction, Low Energy Ion
Scattering Spectroscopy, Mass Spectrometry. In addition to that system also has capabilities to
vary the temperature of the sample from 100 K to 1500 K.
Physical Vapor Deposition (PVD)
In order to produce thin films of desired properties like electrical, optical and morphological etc ,
the choice of deposition method plays a decisive role. A thin film from same set of materials can
have different properties dependent on the deposition rate.1–4 Deposition methods are generally
characterized into two types, Physical Vapor Deposition (PVD) and Chemical Vapor Deposition
(CVD). In the former one, atoms and molecules from vapor phase condense on the surface of the
sample without going any chemical reaction. While in the latter one, volatile precursors are used
as carrier for the adsorbate material onto the substrate. In this dissertation, we are only PVD
method to grow thin films.
A PVD method is a famous method to grow thin films for variety of the surfaces for many different
applications ranging from electronic devices to manufacturing of superconductors. This technique
is also employed for decorative films. There are three main processes involved in a PVD recipe.
5,6

First, adsorbate material is converted into vapor phase by either thermal heating, e-beam assisted

heating or sputtering. In this work, e-beam assisted heating is employed. High Energy electrons
are bombarded on the source material (ingot or crucible) raising its temperature to vaporize it.
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7,8

Then this vaporized material is transported to the target surface by applying a high potential to
force their motion. The pressure inside the chamber should be extremely low in order to avoid
interactions between atmosphere and material vapors. This vapor then condense on the surface
making a thin layer of the material. E-beam heating is usually preferred over thermal vaporization
because of the capability to deposit refractory metals having very high melting point. Also, e-beam
assisted heating also avoids the possibility of increase in the surrounding temperature by localizing
high energy to a very small target. Deposition rate depends upon the vapor pressure of the material
at the given temperature.9 A schematic diagram of a typical PVD setup is shown in Figure 3.1.

Substrate
Thin Film

Electron
Gun

Metallic Vapor

Metal rod or
crucible with
metal

Figure 3.1 Schematic Representation of a PVD setup
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In our chamber, a four-pocket evaporator (SPECS, EBE-4) is used for thin-film growth via e-beam
Physical Vapor Deposition (PVD). The source material is present either in the form of lone metal
rod or inside a refractory metal crucible. Electron beam is generated by passing current through a
Ta filament and then accelerated using voltage in kV range. These energetic electrons when strike
with target metal produce metal vapor in the UHV chamber. Vaporized metal is deposited on the
sample surface in the line of sight of the source resulting in high purity, thickness controlled thin
films on the sample.
X-ray Photoelectron Spectroscopy (XPS)
X-ray Photoelectron Spectroscopy (XPS) is one of the widely used surface science techniques to
get information about the elemental and chemical composition of a sample. XPS works by the
principle of photoelectric effect. In Figure 3.2, schematic representation of XPS is shown. When
X-ray photons interacts with the surface of a sample, a core-shell electron is knocked out from the
atoms to the vacuum level. Electrons emitted in this manner are called photoelectrons.10 By
measuring the energy of the photoelectron, its binding energy in the core level can be calculated.
If an x-ray photon of energy ℎ𝛾 interacts with an atom having core level binding energy of EBE,
the kinetic energy EKE of the emitted electron will be:
𝐸𝐾𝐸 = ℎ𝛾 − (𝐸𝐵𝐸 + 𝜙𝑠 )
Where 𝜙𝑠 is the work function of the sample. Energy of the emitted photoelectrons is measured
by a hemispherical analyzer. If analyzer and sample are connected to each other, photoelectrons
experience a potential known as contact potential equal to the difference in work functions of the
sample and analyzer. Thus, kinetic energy of the emitted photon will be;
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𝐸𝐾𝐸 = ℎ𝛾 − (𝐸𝐵𝐸 + 𝜙𝑠 ) + (𝜙𝑠 − 𝜙𝐴 ) = ℎ𝛾 − 𝐸𝐵𝐸 − 𝜙𝐴
Or
𝐸𝐵𝐸 = ℎ𝛾 − 𝐸𝐾𝐸 − 𝜙𝐴
In this way, if we have work function of the sample well calibrated, we can measure binding energy
without worrying about the change in work function of the sample.
The positions of peaks in an XPS spectrum specifies both the elemental composition (presence of
specific element) and their chemical state. Peak positions and other characteristics for almost all
elements of the periodic table are well documented and can be consulted to get information about
elemental composition. Furthermore, depending upon the specific environment of an atom, peak
of that atom will shift towards higher or lower binding energies called as chemical peak shift. In
this way, chemical shift can tell us oxidation state of a particular specie. 11
Penetration depth of X-rays in a sample is generally around the order of micrometers giving rise
to photoelectrons. Due to inelastic collisions, these photoelectrons will lose energy and only those
from top few layers of the sample will get detected by the analyzer. Due to this short mean free
path of electrons, XPS is considered as a surface sensitive technique. XPS can also be used to
estimate thickness of an overlayer on a substrate. This is because the photoelectron has to travel
through more layers of material increasing the chances of inelastic scattering events. By comparing
peak ratios before and after an overlayer growth, one can get a rough estimate of thickness of
material over the substrate.
Physical construction of an XPS consists of an x-ray source, sample and hemispherical analyzer.
In most laboratories, Al or Mg metal is bombarded with high energy electrons to knock off
24

electrons from lower levels. When electrons from higher levels drop down to lower level, they
emit x-ray photons of produce characteristic x-rays for that material. In this thesis, we used
Aluminum-Kα (from n=2 to n=1) transition happening at 1486.6 eV. Emitted photoelectrons are
then detected by forcing them by applying potentials to move in circular path to reach the detector.
Depending upon the potentials applied, only electrons from a certain energy range can reach the
detector. Electronic signal is amplified by electron multiplier before its detection.
Due to high energy resolution (around 0.1 eV), XPS can detect different chemical states of same
element in the sample appearing as adjoining peaks. Peak fitting is then applied to separate out the
contribution from various sources. Peak fitting is also very important when peak position of two
or more elements falls in same energy range.

Hemispherical
Analyzer

Detector
Data
Acquisition
e-

Figure 3.2 Schematic Representation of XPS Setup
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In our apparatus, an X-ray photoelectron spectroscopy system is used having dual anode Al/Mg
Kα source (SPECS, XR-50) and a hemispherical energy analyzer (SPECS, Phoibos 150 MCD). Al
Kα source is usually used in this work (Energy ~ 1486.6 eV).
Low Energy Electron Diffraction (LEED)
Low Energy Electron Diffraction as the name suggests works on the diffraction of low energy
electrons from the crystal lattice. These energetic electrons behave like waves having diffraction
and interference properties. Low energy electrons in the range of 20 to 200 eV have de Broglie
wavelength in the order of Angstroms comparable to interatomic distance of atoms in a lattice.
Bragg’s law can be used to describe diffraction of electrons. Davisson and Germer obtained
diffraction pattern of a Ni crystal by using low energy electrons. 12,13 Mean free path of low energy
electrons in solid materials is few atomic layers, making LEED a surface sensitive
technique.14,15LEED setup we used in this work is OCI Vacuum Microengineering Inc., BDL600LMX)
In a typical LEED setup (see Figure 3.3), electrons of well-defined energy are incident on the
surface of the sample and elastically backscattered electrons are recorded on a fluorescent screen
as a series of points. Electrons are produced by a cathode filament and collimated by a Wehnelt
cap. This beam is further focused by using series of lenses with apertures. A screen with high
positive voltage is used to accelerate the elastically scattered electrons while inelastically scattered
electrons are removed by series of grids. Image formed on the screen appears as a set of wellarranged points. Image can be recorded by using a CCD connected to a computer. In a typical
LEED setup, results are deduced only by position and arrangement of diffraction points. By
measuring the intensities of diffracted points, one can obtain more information about structural
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properties of the sample surface.
The diffraction pattern is a two-dimensional reciprocal representation of the unit cell of the surface
in real space. The number and position of spots are proportional to reciprocal of real space. If
means that if periodicity in real space increases, periodicity of reciprocal space will decrease. Thus
points associated with large unit cell will appear closer on the screen and vice versa. By increasing
the energy of the incident beam, wavelength associated with diffracted electrons will also be
increased resulting in contraction of points and diffraction pattern from next unit cell can also be
obtained.

V
V

Grids
Sample
Electron Gun

Screen

Figure 3.3 Schematic Representation of Low Energy Electron Diffraction Apparatus
Ion Scattering Spectroscopy (ISS)
Ion Scattering Spectroscopy, as the name suggests, is a surface science technique using elastic
scattering of low energy noble gas ions from the sample surface.16 In a typical ISS setup, noble
gas atoms are converted into ions in an ion gun and accelerated towards the sample. The energy of
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electrons is kept low in order to minimally affect the sample characteristics. The kinetic energy of
elastically scattered ions is measured using hemispherical energy analyzer (same used in XPS
measurement). By comparing energies of incident and emitted beams one can get useful
information about sample surface. A schematic of the scattering process is shown in Figure 3.4.
Since mean free path of emitted ions from the material is very low, ISS is very surface sensitive.
Scattered
Ion

Incident Ion

Sample
Surface

Scattering
Atom

Figure 3.4 Schematic Representation of Ion Scattering Spectroscopy principle
Principle of ISS can be understood by considering the principle of conservation of linear
momentum and energy for an elastic collision. If mass and energy of incident beam is known and
energy of emitted beam is measured, mass of scattered target can be obtained by the following
equation.
1
𝑀
𝑐𝑜𝑠𝜃 ± {(𝑀2 )2 − 𝑠𝑖𝑛2 𝜃) ⁄2
𝐸𝑠
1
=[
]2
𝑀
𝐸0
1 + 𝑀2
1

Where 𝜃 is the incident angle which is usually kept fixed, M1 and M2 are masses of primary and
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scattered ions and Es is the energy of scattered ion. If Es and M2 are known, mass of primary ion
can be calculated.
The typical ISS output is in the form of a plot of Energy verses

𝐸𝑠
𝐸0

and peaks shows evidence of

different primary ions. A differentially pumped ion gun (Specs, IQE-12/38) and a hemispherical
energy analyzer (Specs, PHOIBOS 100) is used for this LEIS measurement.
Temperature Programmed Desorption (TPD)
Temperature Programmed Desorption is a simple technique to study about interaction of gases
with the surface of a solid sample. It gives us the ability to obtain information about active sites
on a sample surface. The key apparatus used is a mass-spectrometer. Unlike previously discussed
techniques, TPD is a not a spectroscopic technique and masses of desorbed species is measured by
the mass spectrometer.
In a typical TPD setup (see Figure 3.5), sample under consideration is first cooled to the required
temperature, Then it is exposed to a known gas. Gas molecules or atoms bind with sample surface
as condensed species. Then temperature of the sample is raised following a known heating rate
and desorbed species are being recorded by mass spectrometer. The output from TPD is usually a
plot between temperature and intensity of a specific mass. Species which are bound weakly
(physiosorbed) desorb at lower temperature than strongly bound species (chemisorbed). Along
with interaction strength, TPD can provide us information about concentration of active sites, rate
of desorption, energy of desorption and surface coverage of adsorbate species.
The rate of desorption can be expressed by a rate equation,
𝑑𝜃
𝑑𝑡

= −𝑘𝑑 𝜃 𝑛
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Where, 𝑘𝑑 𝑖𝑠 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, 𝜃 𝑖𝑠 surface coverage and n is the rate of desorption. The rate
constant can be written by Arrhenius Equation
𝑘𝑑 = 𝑣𝑛 . 𝑒𝑥𝑝 (−

𝐸𝑎𝑑𝑒𝑠
𝑅𝑇

)

(5)
𝑣𝑛 is the exponential factor and 𝐸𝑎𝑑𝑒𝑠 is the activation energy of desorption.
Combining (1) and (2), we get
𝑑𝜃
𝑑𝑡

= − 𝑣𝑛 . 𝑒𝑥𝑝 (−

𝐸𝑎𝑑𝑒𝑠
𝑅𝑇

) 𝜃𝑛

This equation is called Polanyi-Wigner Equation and it describes the factors rate of desorption
depends upon. The power of 𝜃 determines the rate of desorption.
For a zeroth order case, n=0 and rate is independent of surface coverage. This is usually the case
with molecular and multilayer desorption. For first order desorption, rate is directly proportional
to surface coverage, i.e

𝑑𝜃
𝑑𝑡

∝ 𝜃 and for second order of desorption, we have,

𝑑𝜃
𝑑𝑡

2

∝

. First order

desorption is generally the case with surface desorption while second order desorption corresponds
to re-combinative desorption. Most of the information from a TPD profile is obtained by position,
area and shape of the peak. a peak in low temperature region suggests relatively weaker adsorption.
Area of peak, neglecting diffusion and re-adsorption effects is directly proportional to surface
coverage. When TPD is carried out in comparison with different samples, it can become a powerful
tool to identify and estimate the number of active sites present on the substrate. Also, shape of the
peak for different coverages can guide one to estimate the order of desorption. coverages can guide
one to estimate.
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Figure 3.5 Schematic Representation of Temperature Programmed Desorption Apparatus
high temperature peak alludes to stronger interaction between surface and adsorbate species while
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CHAPTER 4 DFT INVESTIGATION OF AMMONIA FORMATION VIA A
LANGMUIR-HINSHELWOOD MECHANISM ON Mo-TERMINATED δMoN(0001)
**This chapter has previously published in ACS Omega, 7 (5), 4277–4285 (2022) and is used in
this dissertation with permission from ACS Omega.**

Abstract:
In this work, we employed Density Functional Theory (DFT) to elucidate the energetics associated
with elementary steps along a Langmuir Hinshelwood mechanism for Haber-Bosch synthesis
of ammonia from N2 and H2 on a hexagonal, Mo-terminated molybdenum-nitride surface. Using
Nudged Elastic Band (NEB) calculations, we determined energy barriers involved in the reaction
processes. An active site consisting of four nearest-neighbor Mo atoms, previously identified as
an active site on similar surfaces, was chosen to investigate the reaction processes. Using this
approach, we calculate a barrier of ~0.5 eV for dissociation of N2. Superior activity for
the dissociation of the strong N2 bonds is rationalized based on the unique geometric and
electronic configurations present at these active sites. Despite favorable energetics for nitrogen
dissociation, the energy cost for hydrogenation of NHx (0 ≤ x ≤ 2) species is shown to be
energetically limiting for formation of ammonia through the Langmuir Hinshelwood mechanism
at these sites, with elementary step activation barriers calculated to be as large as ~2 eV.
Comparison to Haber-Bosch results derived from a similar γ-Mo2N model system suggests relative
independence of surface chemistry and bulk stoichiometry for rhombic Mo4 active sites present
on molybdenum-nitrides.
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Introduction
Ammonia is a very important compound used in the production of many useful goods e.g.,
fertilizers, fermentation, other nitrogenous compounds, cleaning agents, and antiseptics. Industrial
synthesis of ammonia is carried out via the Haber-Bosch process, which consists of the direct
reaction of nitrogen with hydrogen over iron-based catalysts. Efficiently achieving usable yields
of ammonia requires ultra-ambient reaction conditions (P ≥ 100 atm. And T ≥ 400 °C), which
makes this process extremely energy intensive. For perspective, it is estimated that about 2% of
the world’s energy usage is consumed by the Haber-Bosch process1, with most of that supply being
extracted from fossil fuels. Apart from energy utilization, this reaction also currently depends upon
fossil fuels to provide hydrogen gas feedstocks. In an effort to produce relatively “green”
ammonia, many researchers have devoted themselves to the search for better catalysts amenable
to this process. Though Ru-based catalysts are found to be more efficient than iron ones,2 their use
is economically hindered by limited supplies of terrestrial ruthenium. Search for a more costeffective catalyst is required to decrease the energy requirements for this process and bring down
the cost of ammonia (in terms of energy consumption, materials costs, and environmental impact).
Thanks in large part to the Nobel Prize winning work of Gerhard Ertl3, conventional Haber-Bosch
reactions are known to follow a Langmuir−Hinshelwood mechanism by activating N≡N
dissociation on four-fold Fe sites following electron-transfer from the substrate. A similar
mechanism is also predicted for Ru-based catalysts when modelling activity at five-foldcoordinated Ru steps4,5. For these active monometallic catalysts, adsorption and dissociation of
triple-bonded N2 is the most energy-intensive step in the reaction process6. More generally,
Nørskov and his coworkers have shown that N2 adsorption strength can be used as a proxy to
predict Haber-Bosch activity on different catalytic interfaces7. If nitrogen adsorbs too weakly on
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a material, then the reaction is limited by inefficient dissociative adsorption of N. On the other
hand, if N2 adsorbs too strongly, then the reaction becomes limited by inefficient nitrogen
hydrogenation and subsequent NH3 product desorption8. Hence, optimal catalysts should present
intermediate N2 adsorption energies to best balance the needs of these opposing processes in
accordance with the Sabatier principle.
In the past two decades, early transition-metal-nitrides (TMNs) have been shown to activate
ammonia formation9–12. Hybridization between orbitals of the metals and non-metals in these
materials has been shown to lower the Fermi energy of these systems (relative to the pure metals),
such that some typically less-active metals, like molybdenum, can be used to create binary
complexes with electronic properties more closely approximating those exhibited by more
catalytically active late transition metals13. Introduction of non-metal atoms (e.g., N) may also
potentially change interatomic spacings in manners structurally favorable for improved adsorption
and activation of N2 molecules on such surfaces. Beyond Haber-Bosch, TMNs also show
promising results as active sites for electrochemical conversion of dinitrogen to ammonia14,15.
Within the TMN family, molybdenum-nitrides have received considerable attention, with several
recent studies suggesting enhanced catalytic properties important to the Haber-Bosch reaction
process16–20. In addition to presenting promising catalytic properties, the molybdenum-nitride
family of materials also exhibit a host of other physical properties of broad scientific interest. For
example, several crystalline phases are known to be low temperature superconductors21,22, and
hexagonal -MoN exhibits a hardness comparable to diamond and boron nitride23.
Several groups have successfully demonstrated different approaches allowing for the controllable
synthesis of various phase-pure molybdenum-nitride structures24–26. Of particular interest to this
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paper is the recent work of Khaniya et al.24, which reports epitaxial growth of MoN films on
Ru(0001) via an ion-assisted, physical vapor deposition approach. The films produced in that work
appear ripe for direct comparisons between surface-science experiments and DFT predictions due
to their single-crystalline and atomically-planar terminations, which exhibit long-range order and
elemental stoichiometry compatible with -MoN(0001).
Computational work done by Zhao et al investigated the catalytic properties of a γ-Mo2N(111)
surface used to activate the Haber-Bosch reaction8. In that case, a rhombus containing four nearestneighbor Mo atoms (Mo4) was identified as an active site for adsorption of dinitrogen, with N≡N
bond dissociation requiring only 0.58 eV when binding in highly coordinated arrangements at
these sites. By contrast, subsequent NHx hydrogenation at the same site was shown to be ratelimiting, with step-wise barriers reaching as high as 2.01 eV. Enhanced surface nitridation (likely
to occur under Haber-Bosch conditions) was shown to generally lower the hydrogenation barriers,
while impacts on nitrogen dissociation were shown to depend more strongly (and anisotropically)
on N adatom locations relative to adjacent rhombic Mo4 ensembles.
The first atomic layer in Mo-terminated γ-Mo2N(111) and δ-MoN(0001) is near-identical,
suggesting that similar Mo4 site behavior might be expected from the d-phase interface (Moterminated surfaces of γ-Mo2N(111) and δ-MoN(0001) are shown in Figure 4.1 for comparison).
Based on (i) previous predictions indicating advantageous conditions for Haber Bosch catalysis on
rhombic configurations of nearest neighbor Mo sites present on Mo-terminated γ-Mo2N(111), (ii)
the existence of near-identical surface site configurations on Mo-terminated -MoN(0001), and
(iii) the existence of an established recipe for controllable growth of single-crystalline, hexagonal
MoN thin-films, we aim here to compare and contrast predictions for the energetics associated
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with each of the elementary steps along a Langmuir Hinshelwood mechanism for ammonia
production on a d-phase model to those previously reported on analogous g-phase sites. Results
from this comparison may help further disambiguate the degree to which surface vs. bulk
modification (i.e. N enrichment/depletion) might be expected to affect resultant Haber-Bosch
surface-chemistry in subsequent experimental investigations on similar model systems.

Figure 4.1 a) γ-Mo2N(111) and b) δ-MoN(0001) showing various adsorption sites considered in
this work. Purple and blue spheres denote Mo and N atomic positions, respectively. H atoms
(present in subsequent figures) are represented using white spheres.
Results and Discussion
Adsorption Characteristics
To inform our selection of IS and FS configurations used in the NEB calculations, we first
considered several possible adsorption geometries for each of the sequentially produced
atomic/molecular species required to form ammonia via a Langmuir-Hinshelwood mechanism
(i.e., N2, N, H2, H, NH, NH2, and NH3). A minimum of four distinct adsorption sites (bridge, fcc,
hcp, and top) were considered in each case (see Figure 4.2).
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Table 4.1 Adsorption characteristics of N on MoN
N
Eads (eV)

d [h] (Å)

Charge-Transfer (e-)

fcc

2.55

2.02 [1.30]

1.07

hcp

3.20

2.01 [1.21]

1.05

top

0.75

1.72 [1.72]

0.67

For clarity, the four sites can be distinguished as follows: top sites refer to adsorbates placed
directly above surface Mo atoms, bridge sites refer to adsorbates placed directly between two
neighboring surface Mo atoms, hcp sites refer to adsorbates placed in three-fold hollows between
three neighboring surface Mo atoms in positions directly above second-layer N atoms, and fcc
sites refer to adsorbates placed in three-fold hollows between three neighboring surface Mo atoms
in positions directly above areas without second-layer N atoms. In order to clearly represent the
adsorption configurations of the adsorbates, both “nearest bond lengths d” and “adsorbate heights
[h]” are mentioned along with adsorption characteristics. Nearest bond lengths and adsorbate
heights are calculated as the distance from the vertical position of the lowest atom within the
adsorbed species to the nearest surface Mo atom and the average vertical position of top layer Mo
atoms respectively.
Adsorption of N and N2
Of the four N/MoN trial configurations, only three proved stable. N atoms placed in bridge sites
spontaneously migrate to hcp sites upon relaxation (see Table 4.1). Side and top views of the three
stable binding motifs are shown in Figure S1. Of the stable configurations, individual N atoms
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were found to adsorb most strongly in hcp sites (Eads = 3.20 eV), indicating a preference for
terminal adsorption in sites having continued registry with the remainder of the bulk structure. Top
and fcc sites also provide stable, albeit less favorable configurations (Eads = 0.75 and 2.55 eV,
respectively). Whereas weaker adsorption at top sites results in considerably less substrate-to-N
electron transfer (0.67 e–), stronger adsorption at both hcp and fcc sites results in transfer of ~1.05
e– onto the newly bound N adatom. Charge transfer from the substrate to electronegative N atoms
is indicative of new bond formation between the two.

Figure 4.2 Side and top view of stable adsorption configurations of dinitrogen on δ-MoN(0001).
a,e) bridge, b,f) fcc-top, c,g) top-h d,h) top-v
To accommodate the greater degrees of freedom associated with molecular adsorption of
dinitrogen, the number of trial configurations was increased from four to eight when searching for
stable N2/MoN binding arrangements. A first set of molecules were placed in vertical
configurations (with the N2 bond aligned along the surface normal) at top, hcp, and fcc sites. A
second set were placed in horizontal configurations with the N2 molecule centered above the same
series of positions in addition to the bridge site (oriented with the N≡N bond aligned along the
Mo-Mo bridge bond). Within this second set, two azimuthally rotated N2 configurations (N≡N
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surface orientations rotated by 30° with respect to one another) were separately considered at top
sites to differentiate molecules oriented parallel to the hexagonal arrangement of Mo rows from
those bridging between three-fold hollows on opposite sides of the host atom. Optimization of
these trial structures converged upon four stable adsorption arrangements depicted and
characterized in Figure 4.2 and Table 4.2, respectively.
Most trial structures significantly distort to take on one of two new binding arrangements
following relaxation (distinguished as “bridge” and “fcc-top”), suggesting a preference for nonvertical adsorption in more highly coordinated configurations. By contrast, the remaining
arrangements (distinguished as “top-v” and “top-h”) indicate stable adsorption of molecules
remaining essentially unchanged relative to their trial configurations following relaxation.
Comparing across these two groups, we find greater adsorption energy, MoN-to-N2 electronTable 4.2 Adsorption characteristics of N2 on MoN
N2
Eads

d(N-N)

Charge on 1st

Charge on 2nd

Charge-

(Å)

N (e-)*

N (e-)

Transfer (e-)

d [h] (Å)
(eV)
bridge

2.54

2.10 [1.30]

1.33

5.67

5.61

1.31

fcc-top

1.95

2.12 [2.00]

1.30

5.67

5.35

1.04

top-h

1.07

2.35 [2.30]

1.16

5.12

5.25

0.39

top-v

1.92

2.07 [2.07]

1.13

5.43

4.86

0.29

* “1st N” refers to nitrogen atoms positioned closer to the surface plane in Figure 4.3.
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transfer, and N≡N bond distortion for the statistically more likely arrangements resulting from N2
coordination to multiple Mo atoms. Consistent with these tendencies, the most strongly bound
configuration (bridge; Eads = 2.54 eV) also features the greatest degree of N2-Mo coordination
(both N atoms bind over three-fold hollow sites), the closest average molecular proximity to the
surface (1.3 Å), the greatest N2 bond elongation (0.20 Å growth vs. gas phase geometry), and the
largest amount of charge transferred from the surface to the molecule (1.31 e– evenly distributed
across both atoms), such that the atoms in the molecule most closely resemble those in the two
most favorable atomic adsorption configurations. Perhaps unsurprisingly, this arrangement bares
near-perfect agreement to that previously identified as the active configuration for N2 dissociation
on γ-Mo2N(111)8, including mild distortion of the Mo4 site upon adsorption (0.4 Å contraction of
the Mo atoms positioned at the vertices spanning the long axis of the rhombic ensemble). By
comparison, top site configurations transfer far less charge onto the adsorbing molecule and leave
the N2 bond lengths unperturbed, suggesting poor activation towards dissociation. Adsorption in
the fcc-top configuration results in intermediate effects, with the atom coordinating to the threefold hollow (designated as the “1st N” in Table 2) exhibiting charge localization characteristics
similar to atoms in the bridge configuration, and the atom coordinating to the top site taking on
characteristics similar to atoms in the top-h configuration by Bader charge analysis. Given similar
bond elongation characteristics (vs. bridge site adsorption), this latter N2/MoN adsorption
configuration appears to provide an alternative activation site also likely to be suitable for
subsequent dissociation.

42

Table 4.3 Adsorption characteristics of NH, NH2 and NH3 on MoN
NH
Eads (eV)

d [h] (Å)

Charge-Transfer (e-)

bridge

7.48

2.03 [1.30]

0.80

fcc

7.88

2.10 [1.34]

0.83

hcp

8.19

2.10 [1.26]

0.80

top

6.51

1.76 [2.11]

0.51

NH2
fcc

4.72

2.19 [1.60]

0.48

hcp

4.53

2.19 [1.60]

0.49

NH3
fcc

0.89

2.55 [2.00]

-0.01

top

1.51

2.28 [2.35]

-0.09

To allow for more direct comparison to previous literature, we reoptimized the pristine MoN, gasphase N2, and N2/MoN structures to calculate a new bridge site Eads value using the PBE functional
in a manner consistent with that used for the γ-Mo2N(111) model system8. Changing from PBE to
optB88 causes Eads(bridge) to drop from 1.61 eV to 2.54 eV, indicating a 0.93 eV increase in this
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value presumed to predominantly derive from the inclusion of Van der Waals interactions in the
optB88 calculations27. The PBE-calculated Eads for an analogous (bridge) N2/γ-Mo2N(111)
configuration was previously reported to be 2.27 eV8, indicating a 0.66 eV decrease in the strength
of the attractive N2-MoxNy interactions for this arrangement when transitioning from γ-Mo2N(111)
to δ-MoN(0001). Whereas transition from the g- to d-phase model requires doubling the subsurface concentration of N present in six-fold coordination-sites between each subsequent Mo
layer within the bulk, introduction of a single N adatom into a three-fold hollow adjacent to the
bridge-bound nitrogen molecule has been shown to decrease the same configuration’s (PBEcalculated) Eads(N2) by as much as 1.23 eV on the g-phase model system8. Consistent with this
stark contrast between the impact from introducing excess N as undercoordinated terminal
adatoms vs. placement within fully coordinated sub-surface sites, we find ~0.6 additional electrons
localized at analogous surface vs. bulk N sites in our N/MoN models, such that nearby N adatoms
would be expected to more detrimentally limit the capacity for terminal Mo→N2 electron donation
requisite for stronger molecule-support interactions. Adsorption of NH, NH2 and NH3 molecules
Adsorption energies, heights, and charge-transfer characteristics are given in Table 3 for NH/MoN,
NH2/MoN, and NH3/MoN adsorption in different configurations. Trial configurations were
respectively limited to linear, trigonal, and tetragonal molecular arrangements designed to
maximize surface-H and H-H distances within the MoN-supported NH, NH2, and NH3 structures.
Optimization of the NH/MoN trial structures produces four stable adsorption configurations
depicted in Figure S2. Adsorption energies associated with these structures range from 6.5 - 8.2
eV, with the most stable configuration resulting from adsorption at the hcp site. General trends in
both surface-to-molecule charge-transfer and molecular adsorption energy are similar to those
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observed for adsorption of N atoms, with decreased surface coordination leading to decreased
charge-transfer and lower adsorption energies. Similarly, the fcc configuration again exhibits
lower adsorption energy but slightly greater charge-transfer to the adsorbed molecule relative to
the hcp structure. A site-by-site Bader analysis comparison of analogous NH/MoN and N/MoN
structures implies net electron redistribution from the NHx adsorbate to the support upon N-H bond
formation at all applicable N/MoN configurations. Unlike N, NH adsorption is also stable at bridge
sites.
All NH2/MoN trial configurations converged into one of only two stable adsorption structures (see
Figure S3). In this case, similar characteristics are exhibited at both hcp and fcc sites, with a slight
preference for fcc configurations indicated by a slightly greater adsorption energy (4.72 vs. 4.53
eV) and the tendency for both top and bridge site migration to fcc rather than hcp sites upon
relaxation. H addition required for H-NH bond formation again leads to further NHx adsorbate-tosupport electron redistribution when comparing the Bader analyses of analogous NH2/MoN and
NH/MoN configurations. Unlike the first H, addition of the second H significantly weakens the
NHx adsorbate-surface interactions when comparing NH2 and NH adsorption energies and
adsorbate-surface separations at common sites.
Like NH2/MoN, we again find only two stable NH3/MoN adsorption structures after relaxing
several trial configurations (see Figure S4). Unlike NH and NH2, which exhibit preferences for
highly coordinated adsorption at three-fold hollow sites, NH3 instead exhibits a converse
preference for less coordinated adsorption at top sites (Eads = 1.51 eV), with all but fcc trial
configurations migrating to top sites upon relaxation. The general molecule-surface bond
weakening and electron-transfer trends continue when adding the third H, with Bader analysis
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showing NH3 charge localization roughly equivalent to that in free molecules for both stable
adsorption configurations. NH bond lengths (1.03 Å) and orientations (~109° H-N-H bond angles)
also closely match those for isolated NH3 in both cases, suggesting favorable conditions for
product desorption from either site once formed. NH bonds within the adsorbed ammonia
molecules show an affinity for azimuthal alignment towards nearest neighbor Mo atoms, while
also exhibiting a modest repulsion away from nearby subsurface N atoms. These tendencies
combine to result in a slight (~7.2°) rotation of top site ammonia relative to the hexagonal pattern
of Mo atoms, such that each NH bond orients with a slight preference towards adjacent fcc rather
than hcp hollows.
Adsorption of H and H2
Adsorption energies, heights, and charge-transfer characteristics are given in Table 4 for H/MoN
and H2/MoN adsorption in different configurations. Atomic H stably binds in four distinct
adsorption structures following relaxation of each of our trial configurations (see Figure S5). Like
N, H atoms also bind most stably at three-fold hollow sites. Unlike N, H atoms adsorb more
favorably at the fcc site (Eads = 1.03 eV), which again results in greater electron-transfer to the
adatom relative to the hcp configuration (0.46 vs. 0.40 e–, respectively). Atoms placed at bridge
sites were again found to migrate towards an adjacent hollow upon structural relaxation, but, unlike
N, become trapped in a “bridge-hcp” configuration rather than fully relocating to the hcp site. A
preference for adsorption in three-fold hollows and accompanying withdrawal of ~0.4 e– was also
exhibited by H on the γ-Mo2N(111) model system8. Different Eads values reported for analogous
adsorption configurations in our work and that for γ-Mo2N(111) result from differences in how
adsorption energy is defined for Hads in the two studies. Changing our definition to that used in the
previous work [Eads(H) = EMoN + EH – EH/MoN] leads to an adsorption energy more comparable to
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that reported on the g-phase model (Eads = 4.29 eV vs. 3.55 eV on Mo2N). As shown with the
N2/MoN(0001) vs. N2/Mo2N(111) comparison, increased Eads is anticipated when comparing our
optB88 values to those calculated using the PBE functional due to the added inclusion of Van der
Waals corrections in our work27.
Table 4.4 Adsorption characteristics of H and H2 on MoN
H
Eads (eV)

d [h] (Å)

Charge-Transfer (e-)

bridge-hcp

0.68

1.94 [1.27]

0.41

fcc

1.03

2.00 [0.59]

0.46

hcp

0.72

2.02 [0.55]

0.40

top

0.30

1.75 [1.03]

0.33

H2
fcc-v

0.06

3.60 [3.26]

0.02

hcp-v

0.06

3.62 [3.27]

0.02

top-v

0.05

2.79 [2.79]

0.02

top-h

0.82

1.86 [1.85]

0.13

top-h-R30o

0.78

1.85 [1.82]

0.11
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Of the five stable H2/MoN configurations depicted in Figure S6, only two show evidence of
significant H2-MoN interactions (top-h and top-h-R30). By contrast, all three vertical adsorption
configurations show near-zero adsorption energies, but nonetheless present trapping barriers
sufficient to prevent relaxation into one of the horizontal arrangements upon optimization. In the
more favorable top-h configuration, H2 binds 1.85 Å above the surface with an adsorption energy
of 0.82 eV, and results in a 0.14 Å elongation of the H-H bond after transfer of 0.13 electrons from
the surface to the molecule. Azimuthally rotating the top-h H2 molecule by 30° about the surface
normal results in similar, albeit slightly weaker, adsorption characteristics (see top-h-R30 in Table
4/Figure S6). While not discussed below, a representative barrier for dissociation of top-h-R30 H2
into two nearest-neighbor fcc sites was found to be 0.05 eV, which we take to imply facile
dissociative adsorption of hydrogen on Mo-terminated δ-MoN(0001).
Ammonia Formation Mechanism
N2 Dissociation
NEB was used to track changes in total energy when forcing a transition from the most stable
N2/MoN configuration (bridge) to a dissociated configuration consisting of two singly occupied
three-fold hollow sites immediately adjacent to that bridge site (hcp + fcc). One might intuitively
expect, this process follows a bond elongation deformation mechanism (see Figure 4.3). In the IS,
nitrogen molecule adsorbed in bridge configuration is about 20 percent activated for dissociation
(inferred by elongation in N-N bond length compared to gas-phase value). The highest energy
image generated along the path connecting the IS and FS endpoints has been labelled TS and is
calculated to lie 0.52 eV above the energy associated with the IS configuration. This value
compares quite well with N2 dissociation barriers calculated for both stepped Ru4 and an analogous
rhombic Mo4 ensemble modelled as an active site on γ-Mo2N(111)8. Consistent with individual
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hcp vs. fcc N/MoN adatom adsorption characteristics, the N2 molecule tilts such that N(1)
repositions slightly closer to the surface than N(2) throughout the dissociation process. For clarity,
Mo(1) bounds the hcp site and Mo(3) bounds the fcc site.

Figure 4.3 Relative potential energy profile associated with N2 dissociation on δ-MoN(0001). A
labeled space-filling model of the “bridge” N2/ δ-MoN structure is provided in the top left
corner. Remaining insets show top (upper) and side (lower) views of initial state (IS), transition
state (TS), and final state (FS) configurations associated with the selected reaction process.
Unlike the Mo2N results, we note far smaller changes in the dihedral angle formed between the
fcc and hcp three-fold hollows contained within the Mo4 active site following dissociation (~5°
here vs. ~20° in the previous work). Decreased torsional deformation could reflect a difference in
active site rigidity resulting from changes in bulk crystal structure. Despite near-negligible changes
in torsion angle, we do note significant lateral rearrangements within the Mo4 ensemble during
dissociation. Specifically, Mo(2) and Mo(4) contract ~0.5 Å toward one another and Mo(1) and
Mo(3) migrate ~0.3 Å away from one another while the system traverses the IS-TS activation
barrier. The reconstructed Mo4 ensemble, which alleviates much of the surface strain introduced
by the IS molecular adsorption configuration, is largely preserved upon relaxation from the TS
into the fully dissociated FS structure.
Electronic Structure of N2 During Dissociation
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Bader charge differences tracking changes in electron accumulation at each of the four interacting
molybdenums and both nitrogen atoms are provided in Table 4.5 for the IS, TS, and FS N2
dissociation configurations described above. Transfer of electrons from the active site to the
molecule is evident throughout the dissociation process. Beginning with the IS configuration, each

Table 4.5 Bader charge differences for dinitrogen and four neighboring Mo atoms in IS, TS, and
FS dissociation configurations.*
IS

TS

FS

Mo(1)

-0.26

-0.22

-0.37

Mo(2)

-0.24

-0.38

-0.44

Mo(3)

-0.27

-0.24

-0.36

Mo(4)

-0.24

-0.39

-0.45

N(1)

0.69

0.75

0.95

N(2)

0.62

0.72

0.96

*Positive (negative) values signify electron accumulation (depletion) relative to charge density
localized on the same atom in the decoupled surface-molecule system.
N within the adsorbed molecule carries more than 0.6 excess electrons (relative to isolated N2),
with the bulk of this excess charge balanced by ~0.25 e– depletions from each of the four directly
interacting Mo4 atoms (relative to pristine MoN). As the adsorbed configuration distorts, surfaceto-molecule charge-transfer results in increased electron accumulation on both N atoms. While
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approaching the TS, increased N2 electron accumulation is accompanied by anisotropically
enhanced electron withdrawal from the Mo(2) and Mo(4) atoms, which both contract towards the
mildly elongated molecule during this change in reaction coordinate. After surpassing the TS, each
N continues to sequester more charge away from the surrounding Mo4 ensemble until both adatoms
carry ~1 excess electron in the fully dissociated FS configuration. The majority of the additional
charge-transfer noted while the system relaxes into the FS configuration arises from further
electron withdrawal from the Mo(1) and Mo(3) atoms, which the N adatoms migrate toward
following dissociation.
Figure 4.4 (a, b) provides spatially resolved representations allowing for direct visualization of
charge accumulations and depletions described in the Bader analyses of the IS and FS
configurations reported above. The overall increase in charge accumulation (depletion)
surrounding the N (Mo) atoms upon adsorption and dissociation is readily apparent upon visual
inspection. The general geometries and symmetries associated with the areas of
enhanced/diminished charge density are consistent with those reported for analogous N2/Mo4
configurations on γ-Mo2N(111)8. As such, we presume qualitatively similar charge-transfer
characteristics, whereby Mo atoms positioned along (across) the N-N bond axis interact with a
single N via σ-bonds (simultaneously interact with both N2 -bonds). Interestingly, both structures
(IS and FS) show depletion of electronic charge presumed to have been delocalized between Mo
atoms prior to N2 adsorption and dissociation. While also present, similar effects are less
pronounced for analogous configurations present on the N2/γ-Mo2N(111) model system8.
Figure 4.4 (c, d) provides direct comparisons of the projected density of states (DOS) at each of
the six directly interacting Mo and N atoms before and after dissociation by plotting DOS(FS) –
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DOS(IS) subtraction profiles for each atom common to both structures. For obvious reasons,
dissociation-induced DOS changes are most apparent on the N atoms (note that the vertical axes
in the Mo plots have been rescaled by a factor of ten to make the smaller changes more discernable
for those sites). After dissociating, deep-lying states associated with N-N bonding interactions are
completely lost (see negative density differences at energies below -6 eV) and replaced with new
Mo-affiliated states located closer to the Fermi level. Increased N-Mo bonding interactions lead to
mutually increased DOS near -5 eV at each of the six atoms after dissociation. Moreover, small
hcp vs. fcc related differences in the N(1) and N(2) plots correlate well with differences in the
near-Fermi change in DOS at correspondingly interacting Mo(1) and Mo(3) sites. General trends
are again similar to those noted for Mo4-activated dissociation on γ-Mo2N(111)8, however, N
adatom-to-adatom asymmetries appear far less pronounced on our δ-MoN(0001) model, possibly
reflecting more homogeneous Mo-coordination to subsurface N atoms in the d-phase system.
In summary, N2 dissociation on Mo-terminated δ-MoN(0001) can be viewed as a two-step process.
The process is first fully activated following Mo4 structural rearrangements associated with
donation of electronic charge to the molecule via Mo(2,4) interactions across its -bonds and
concomitant N2 bond distortion. Once fully activated, the elongated molecule readily dissociates
to relax into its FS structure, within which the resulting adatoms accumulate more electronic
charge through σ-bond interactions with Mo(1,3) atoms aligned along the parent molecule’s
primary axis. Despite subtle differences in reaction-induced active-site reconstruction and
qualitative electron redistribution characteristics, these results are otherwise consistent with those
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reported for N2 dissociation on Mo-terminated γ-Mo2N(111).

Figure 4.4 Electronic structure results a) and b) Charge Density Differences at 0.005 e/Bohr3 for
N2 on pristine MoN surface in initial (IS) and final (FS) state. C) and d): Density of States
Differences of N2 and four Mo atoms interacting with N2 molecule respectively. The y-scale in c)
is 10 times larger than in d).
This includes reaction energies, activation barriers, and net adsorbate-support charge-transfers all
falling within ~10% of those in the former work (with all values skewing smaller in our work)8. In
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addition to the difference in bulk structure and N-content between previous study and this,
discrepancies in reaction energies and energy barriers can arise due to lack of inclusion of van der
Waals interactions (PBE vs optB88) which are shown to be important for selection of suitable
catalysts28,35.
NHx Hydrogenation
To most efficiently draw comparisons to past work on γ-Mo2N(111), we have only considered
hydrogenation pathways resulting from sequential H adatom attack of isolated N(Hx) adsorbates.
Nonetheless, we expect similar anisotropic impacts to overall Haber-Bosch catalysis in the
presence of co-adsorbed N for our d-phase model due to its similar N2/Mo4 active site geometry
and interaction asymmetries. Using NEB, individual reaction barriers, energies, and transition
states were obtained for each of three sequential hydrogenation iterations. IS configurations consist
of NHx and H adsorbates positioned in their most proximate combination of individually most
stable adsorption geometries. On this basis, all IS configurations consist of NHx species placed in
three-fold hollows (hcp for N and NH, and fcc for NH2) immediately adjacent to an fcc-bound H
adatom. Using the same logic, the most stable NHx+1 configurations were chosen as FS products
for each elementary hydrogenation step. This overall reaction pathway is consistent with the more
direct of two ammonia formation mechanisms explored in the previous γ-Mo2N(111) study8.
Initial hydrogenation proceeds via simple H diffusion from an adjacent fcc- to top-site
configuration (see Figure 4.5). The energy cost associated with this process (Ea = 1.42 eV) is
slightly larger than the difference in adsorption energy associated with top vs. fcc H/MoN
configurations on the pristine interface, and again falls within ~10% of the barrier found on γMo2N for an analogous N hydrogenation mechanism8. Progressing from IS → TS → FS, N-H
separations decrease from 3.32 → 1.82 → 1.03 Å, with the complete process resulting in an
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endothermic NH formation reaction energy of 0.58 eV.

Figure 4.5 Energy profile of N hydrogenation on MoN surface. N adatom is shown in dark blue
while H atom is shown in red. Insets show top (upper) and side (lower) views of reaction.
As depicted in Figure 4.6, NH2 formation proceeds in a manner analogous to the first N
hydrogenation step, with the barrier to reaction again stemming from the energy required for H
diffusion from a hollow onto an adjacent Mo (Ea = 2.00 eV). In this case, the Mo-H TS bond tilts
away from the adjacent NH, such that the H-NH distance only reduces from 3.30 → 2.70 Å when
traversing the activation barrier. As the system relaxes out of the TS, H-H repulsion leads to the
depicted NH2 FS configuration (ϴH-N-H = 101.6°), with the full hydrogenation step exhibiting an
endothermic reaction energy of 1.68 eV. Unlike every prior step, the reaction barrier noted here is
near-identical to (within 0.5%), while the NH-H TS geometry is significantly different from, that
observed along an analogous reaction pathway in the γ-Mo2N(111) study.8
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Figure 4.6 Energy profile of NH hydrogenation. N adatom is shown in dark blue while H atoms
are shown in red. Insets show top (upper) and side (lower) views of reaction.
Unlike N and NH hydrogenation, overcoming the final barrier to NH3 formation (Ea = 1.94 eV)
includes coordinated diffusion of both NH2 and H adsorbates from nearest neighbor fcc sites onto
a mutually common adjacent top site (see Figure 4.7). During this process, the H and NH2 moieties
contract about 1 Å towards one another while the latter rotates to maximize H-H-H separations in
the TS geometry. Once formed, the TS readily transforms into the FS NH3/MoN configuration,
with the full hydrogenation step again proceeding endothermically, with a reaction energy of 1.03
eV. In this case, a similar TS configuration was again noted on γ-Mo2N(111), but the reaction
pathway leading to this structure is different due to a preference for NH2 adsorption at bridge sites
within the previous model system8. The significantly larger barrier noted for this hydrogenation
step on the g-phase model (Ea = 2.56 eV) most likely at least partially results from this IS
discrepancy between the two models. Like the previous study, progressing from IS → TS results
in significant adsorbate-to-Mo4 electron-transfer (not shown), with the diffusing H adatom
contributing the majority of this charge while traversing the barrier to each sequential
hydrogenation step.
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Figure 4.7 Energy profile of NH2 hydrogenation. N adatom is shown in dark blue while H atoms
are shown in red. Insets show top (upper) and side (lower) views of reaction.
A full summary of the energy profile associated with the most energetically favorable pathway for
nitrogen dissociation and subsequent stepwise hydrogenation is provided in figure S7. While the
focus of this work is specific to the Haber-Bosch reaction, results may also provide some insights
into related nitrogen reduction reaction (NRR) mechanisms, which have become increasingly
important within the electrochemical catalysis community. Impacts resulting from simultaneous
interactions between multiple N and H atoms are likely to be important to elucidating improved
understandings of both reaction processes (Haber-Bosch and NRR), which we aim to address (at
least in part) in a forthcoming publication.
Conclusions
Comparing our results for δ-MoN(0001)-activated N2 dissociation and subsequent hydrogenation
to those from γ-Mo2N(111) models exposing equivalent rhombic Mo4 active sites suggests
predominantly bulk-invariant surface-chemistry at such sites8. Despite drastic changes to bulk
stoichiometry and local (sub-surface) Mo-N coordination, Mo4 sites present at both interfaces are
predicted to exhibit extremely similar N2 adsorption/dissociation and NHx hydrogenation
characteristics; including adsorption configurations, electron redistributions, and overall reaction
pathways. For example, when treated at the same level of accuracy, N2 adsorption at the Mo4 site
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only weakens by 30% when changing the structure from γ-Mo2N(111) to δ-MoN(0001); a change
that increases the number of N atoms directly coordinating to the Mo4 active site from five to eight.
Notably, placement of as few as only one N adatom above one of these three contrastingly
populated hollows (omitting sites that become occupied following N2 dissociation) is predicted to
reduce Eads(N2) by as much as ~40% on the g-phase model, with increased co-adsorption expected
to only further weaken the interaction; a discrepancy highlighting the relatively inconsequential
impact of bulk (vs. surface) changes in Mo:N stoichiometry/structure on Haber-Bosch catalysis.
Similar to the g-phase results, pristine Mo4 sites are highly active towards N2 adsorption and
dissociation (Eads = 2.54 eV and Ea = 0.52 eV), but rate limited by large barriers to subsequent
hydrogenation [Ea(NH + H → NH2) = 2.00 eV]. Likewise, hydrogenation barrier height reductions
will be expected when increasing N coverage around the δ-MoN-contained Mo4 sites, with effects
expected to vary in manner showing anisotropic dependence on the binding site locations of the
co-adsorbates for reasons analogous to some of those previously described for the γ-Mo2N
interface8. As such, improved Haber-Bosch activity on the δ-MoN-contained Mo4 sites should be
achievable by controlling the reaction conditions to beneficially tailor the [N] surface
concentration. Moreover, results from this work further suggest that such adjustments can include
radical changes to bulk MoxNy stoichiometry without introducing significant changes to Mo4
chemistry, so long as a hexagonal δ-MoN(0001)-like terminal structure is preserved.
Computational details
Calculations were performed in the framework of Density Functional Theory (DFT)29 using plane
wave pseudopotentials implemented in VASP (Vienna Ab-initio Simulation Package 5.4.4). The
Generalized Gradient Approximation30–32 was used with the optB88 package33 to account for van
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der Waals interactions. This approach to modeling van der Waals effects has previously shown
improved agreement between modeled and experimental parameters for establishing the activity
of catalysts34,35. Transition states (TSs) were isolated using the Nudged Elastic Band (NEB)
method to interrogate configurations and energies associated with three or five images found along
pathways linking fixed initial-state (IS) and final-state (FS) reaction configurations. Relaxed
structures were optimized until Hellman–Feynman forces on all atoms were less than 0.01 eV/Å.
An energy cut-off of 400 eV was used along with a Monkhorst-Pack grid36 of 2x2x1. Lattice
constants of bulk hexagonal MoN were determined using a Monkhorst-Pack grid of 18x18x18
with a cut-off energy of 800 eV. The calculated lattice constants (a = b = 2.88 Å and c = 2.86 Å)
were found to be close to the experimentally determined values (a = b = 2.87 Å and c = 2.81 Å)37.
A molybdenum-nitride surface was modeled using a 5 x 5 super cell with five layers. The bottom
two layers of the slab were fixed to their bulk positions and a vacuum of more than 10 Å was
maintained between periodic images of the slab in the z-direction (perpendicular to the surface).
Adsorption energies are defined as:
Eads = Esub + Emol − Emol-sub
with Esub representing the energy of the pristine substrate, Emol representing the energy of the
molecule in the gas phase, and Emol-sub representing the energy of the surface after adsorbing the
molecule. Using this convention, positive adsorption energies indicate thermodynamically
favorable configurations (and vice-versa). For single atom adsorbates (N and H), half of the gasphase energy associated with corresponding diatomic species is used to calculate Emol. VASPKIT38
and VESTA39 were used for post-processing and visualization, respectively. A few key structures
were selectively reoptimized using the Perdew-Burke-Ernzerhof (PBE) functional to provide
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direct comparisons to previous results reported at that level of accuracy for analogous γMo2N(111)-supported configurations8.
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CHAPTER 5 AMMONIA FORMATION ON N-TERMINATED MoN(0001)
BY MARS VAN-KREVELEN MECHANISM
Abstract:
In this work, we employed Density Functional Theory (DFT) to study the process of ammonia
formation on N-terminated hexagonal Molybdenum Nitride surface following Mars-van-Krevelen
mechanism. Using Nudged Elastic Band (NEB) calculations, energy barriers involved in the
reaction process were calculated. It is found that traditional ammonia formation mechanism via N2
dissociation is not feasible on N-terminated surface, but reaction can follow by hydrogenation of
the surface N atoms to form NH3 molecules. Reaction barrier involved in hydrogenation and
diffusion of H atoms on surface N atoms are less than ~0.5 eV. Thus, reaction is quite feasible for
ammonia formation and desorption. The rate-determining step is the relinquishment of Nvacancies thus formed, by adsorption and dissociation of N2 molecule from gas-phase. The barrier
to re-obtain the catalyst surface is found to be 1.75 eV
Introduction
In modern world, ammonia plays an important role for being precursor for many fertilizers and
other chemicals. Also, it can be used as a potential green fuel with no harmful emissions. Currently,
ammonia is industrially produced by Haber-Bosch reaction of N2 and H2 on Iron catalysts requiring
extreme pressure and temperature. It has been estimated that about 2% of world’s energy produced
is consumed by Haber Bosch Reaction. Apart from that, it is also dependent on fossil fuel to obtain
one of the primary reactants i.e. hydrogen gas. Though, the energy cost of the reaction can be
lowered by using Ru-based catalysts, high cost of Ru metal hampers its practical use.
Recently, binary and ternary transition metal nitrides are being considered as potential catalysts
for ammonia production both thermally and electrochemically.1,2 Inclusion of non-metal, not only
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provide adequate sites for adsorption of reactants but also donates electrons to d-shells. N2
molecules can accept these electrons breaking their strong triple bonds. Molybdenum Nitride class
of materials are being studied in this regard. Experimental evidence cite Co3Mo3N as one of the
best catalyst for nitrogen reduction reaction3 though underlying reaction mechanism is still under
debate.4
Following the famous work by Ertl, it is established that ammonia formation on iron catalysts takes
place at four-fold sites and is dictated by dissociative mechanism a.k.a Langmuir-Henshelwood
mechanism. Similar mechanism is also found for on five-fold step edges of Ru catalyst. Ratedetermining step for dissociative mechanism on these surfaces is dinitrogen fixation and
dissociation due to its strong triple bond For novel potential catalysts, reaction may not proceed
via same route or have similar rate determining step.5,6 For example it has been shown that barriers
for an associative Eiley-Ridley Mechanism are smaller than for Langmuir-Henshelwood
mechanism for Co3Mo3N material.4,7,8 It is interesting to note that nitrogen fixation by nitrogenase
bacteria was found to follow associative mechanisms.9,10 In order to achieve ammonia formation
under milder conditions, associative reaction pathways can play a key role.
In Chapter 4, we discussed ammonia formation mechanism on Mo-terminated Molybdenum
Nitride catalyst and found that it follows Langmuir-Hinshelwood Mechanism. The Mo-terminated
surface was selected owing to its ability to adsorb and activate dinitrogen molecule. In order to
study the other extreme of MoN(0001) surface, catalytic activity of N-terminated surface is
discussed in this chapter using same tools. Specifically, likelihood of associative pathways is
explored. Recently, K Yuan et al compared formation energies of Mo-terminated and N-terminated
MoN(0001) films and found that N-terminated surface is more stable.11 Understandably, one
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would expect both type of catalysts to be present under industrial reaction conditions and thus
study of both surfaces is necessary to better understand MoN(0001) surface for ammonia
formation.
Adsorption of Reaction Intermediates
An N-terminated surface is shown in the Figure 5.1. No adsorption of N2 molecule on the surface
was found due to repulsion from surface N atoms. Though it limits possibilities for dissociative
adsorption of nitrogen molecule, surface N atoms can be hydrogenated by H2 from gas-phase.
Three different adsorption sites i.e. fcc, hcp and top sites were chosen.

Figure 5.1 Top and side view of N-terminated Molybdenum Nitride surface. Mo atoms are shown
in purple while N atoms are shown in blue.
Adsorption of H and H2:
Adsorption energies, charge transfer and heights of H and H2 adsorption on N terminated surface
is shown in the Table 1 while stable configurations are shown in Figure 5.2. Three adsorption sites
i.e., fcc, hcp and top were considered. Adsorption of H prefers the adsorption on surface N atom
with an adsorption strength of 1.9 eV. Other adsorption configurations are not favorable. Charge
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transfer in this configuration is 0.51 e- towards
the substrate probably due to strong ability of N atoms to attract electrons.

Figure 5.2 Adsorption Configuration of one H, two H and three H atoms on surface N atom. Mo
in purple, N in blue while H atoms are shown in orange color
For the adsorption of H2, along with adsorption sites, parallel and vertical adsorption
configurations of the molecule were also considered. Like H, one adsorption configuration stands
out from the rest of the configurations studied. All other sites have negligible interaction of the
molecule with the surface. When H2 was adsorbed on the surface N atom, it adsorbs strongly (~2
eV) and dissociates the H2 bond, increasing the H-H distance to 1.63 Å. Charge transfer is around
1 e- to the H2 molecules. Spontaneous dissociation of H2 is an important step in the formation of
ammonia. Dissociated H atoms can diffuse and attach to surface N atoms to form NH3 complexes.
Reduced nitrogen atom also displaces upward by 0.33 Å. Zhao et al also studied dissociation
barrier of H2 on Mo2N(111) surface and found a barrier of 0.35 eV.6 In order to understand the
effect of addition of H atoms, one more H atom was added to the already doubly hydrogenated N
atom. This made the N atom along with its three H atoms to move upward by 1 Å from the surface
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TABLE 1: Adsorption characteristics of H and H2 on the surface
H
Ads. Energy (eV)

Height (Å)

Ch. Tr. (e-)

fcc

-0.80

0.59

-0.47

hcp

0.02

0.55

-0.47

top

1.90

1.03

-0.51

H2
fcc-v

0.10

0.75

0.01

fcc-h

0.11

0.76

0.01

hcp-v

0.10

0.75

0.00

hcp-h

0.10

0.75

0.01

top-v

0.09

0.76

0.01

top-h

1.98

1.63

1.03

N atoms, due to loosening of the Mo-N bond. Desorption energy of, thus formed, NH3 molecule
to form vacancy surface was 1.44 eV.
Dynamics of the reaction:
Schematics of the reaction of one molecule of nitrogen and three molecules of hydrogen to form
two molecules of ammonia are shown in Figure 5.3, while reaction dynamics with barriers
calculated by NEB are shown in Figure 5.4. The energies shows in Figure 5.4 are adjusted such
that both initial and final states of the complete reaction are zero. Important reaction steps (A-H)
and reaction barriers calculated by NEB are shown on the plot. In first step, two H2 molecules
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adsorb and spontaneously dissociate on neighboring N surface atom. Spontaneous dissociation of
H2 on the surface is already discussed in last section. This step is exothermic and system reaches
relative energy of about -0.5 eV (Step B). In the next step, one H atom is diffused to neighboring
hydrogenated N atom to form ̶ NH3 complex on the surface. This step involves following a small
diffusion barrier of 0.35 eV. After the barrier, final state C is achieved at -1.3 eV. In the following
step (step D), ̶ NH3 desorbs from the surface leaving a vacancy. System moves up in energy by 0.3
eV.

Figure 5.3 Reaction Pathway of formation of two NH3 molecules three H2 and one N2 molecule.
Reaction Barriers calculated by NEB are shown. Reaction barrier of Rate-determining step is
shown in red color.
Following the desorption of one ammonia molecule, adsorption of H2 occur on surface N atom
neighboring the vacancy shown as Step E, driving the system to -1.8 eV. Similar to process of first
ammonia desorption, H atom, adsorbed earlier, diffuses to ̶ NH2 complex to form ̶ NH3 complex.
Diffusion barrier observed in this process, by NEB method, is 0.46 eV and system reaches, after
the transition state, Step F. In addition to vertical movement of N atom, along with three H atoms
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by ~ 1 Å, ̶ NH3 complex is also displaced by 1.4 Å laterally towards the first vacancy. Displacement
of hydrogenated N atom from its mean position suggests that system favors desorption of ammonia
molecule thus formed.

Figure 5.4 Reaction dynamics of ammonia formation reaction. Reaction Barriers calculated by
NEB are also shown.
In order to replenish two vacancies formed by the desorption of two ammonia molecules, N2 from
gas phase is adsorbed and its dissociation barrier is explored. N2 molecule is adsorbed with an
adsorption energy of 0.14 eV in the vacancy site. Dissociation barrier of N2 to recover the surface
we started with in Step A, is 1.75 eV. Thus, rate-limiting step is changed from hydrogenation of
NHx species for Mo-terminated surface to dissociative adsorption of N2 molecule for N-terminated
surface. It is to be noted that study presented here is by no means exhaustive for complete
discussion of ammonia on N-terminated surface rather it is to provide some insight into catalytic
activity of N-terminated surface which, due to surface N atoms, fails to adsorb and dissociate N2
molecule. Depending upon individual barriers, other ammonia formation routes are possible. In
addition, competing reactions, such as Hydrogen Evolution Reaction (HER) can also affect the
overall cycle.
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Conclusion:
In a nutshell, this chapter explored the formation of ammonia following Mars-van-Krevelen
mechanism on N-terminated Molybdenum Nitride surface. N-terminated surface was selected
analogous to Mo-terminated surface dealt with in Chapter 4, as another extreme case of
Molybdenum Nitride surface termination. Despite the surface inertness due to overlayer of
electronegative N atoms to adsorb and dissociate N2 molecule, N-terminated surface showed lower
reaction barriers following Mars-van-Krevelen cycle. Hydrogenation of surface N atoms showed
negligible barriers, which are followed by desorption of ammonia molecules. The highest barrier
has been found is 1.75 eV for dissociative adsorption of N2 molecule in the last step. Depending
upon the formation energies of different catalyst surfaces, it is expected that a real world catalyst
can take shape in a variety of terminations and present study can help to catalogue ammonia
formation routes on Molybdenum Nitride surfaces.
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CHAPTER 6 ADSORPTION OF SMALL AROMATIC MOLECULES ON
SILICA/RU(0001) SURFACES
Abstract: Using the Density Functional Theory (DFT) with the inclusion of self-consistent van
der Walls interactions, we studied the adsorption characteristics of benzene and pyridine on
bare Ru(0001) and silica covered Ru(0001). The purpose of exploring the effect of metalinsulator-molecule interaction is to determine how the separation between organic molecules
and metal atoms can affect the amount of charge transfer and the adsorption strength. Such a
system can serve as a prototype for exploring metal-organic interfaces present in the organic
electronic devices. We have found that the molecules interact with bare metal by the overlap of
molecular π-orbitals and dz2 orbitals of metal atoms. This causes not only geometrical
rearrangements in the molecule but also affects the electronic properties of the molecule as well
as of the upper layers of the substrate. The adsorption energy on the Ru(0001) is about of ~2.3
eV for both benzene and pyridine, while the charge transfer from the substrate to the molecule
is around 0.27 and 0.43 electrons per molecule, for benzene and pyridine respectively. Insertion
of a silica layer decouples the benzene molecule from the metal substrate resulting in a
substantial drop in the adsorption energy ( 0.5 eV or less) and reduced amount of charge transfer
(below 0.1 electrons per molecule).

Introduction
Electronic devices based on organic materials are gaining significance due to being lightweight,
flexible, and inexpensive. Though silicon-based conventional devices are in use for a long time
and are quite efficient, there are difficulties in their use due to their high cost of manufacturing and
fragile nature. Despite having challenges involved, organic materials secure a future as device76

based materials due to their unique properties. Some devices such as organic light-emitting diodes
(OLEDs)1, organic field-effect transistors (OFETs)2, and organic solar cells3 are already
commercially available and studies are going on for exploration for more applications of organic
materials, such as molecular switches4,5 and spintronic devices6.
The basic set-up of organic devices is essentially similar. Layers of different organic materials are
stacked together, in sequence, each carrying out a special function in the operation of the device.7
For example, an Organic Light Emitting Diode (OLED) comprises of a hole injection layer and an
electron injection layer present at each electrode for the effective transfer of holes and electrons
through the device. Also, hole and electron blocking layers are present next, to stop them from
reaching the electrode. Embedded between these four layers is the main emissive layer which emits
a photon when electron and hole combines.8,9 In this way, all these materials depend upon each
other; making a practical device.
Though the importance of each of these materials is undeniable, conducting anode and cathode are
also necessary at each end for conduction of electricity through the active materials of the device.
They can also be a means to provide support to fragile organic components. Metal electrodes,
being carriers of free electrons, when in contact with these organic layers, can lead to charge
transfer across the interface affecting molecular geometry and electronic configurations. Likewise,
the adsorption of organic layers can change the work-function of the system causing band-bending
at the interface. Both these phenomena can substantially alter the functioning of the device. 10–14
Thus, an atomistic understanding of processes happening at the interfaces between organic
materials and metal becomes critical.
Investigation of the interaction of simple organic compounds with metal substrates is considered
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a benchmark study for understanding the complex processes occurring in the actual device. These
molecules form the building blocks of complex organic molecules at large. Most of the
experimental and theoretical studies point out that the charge transfer, between the metal and
organic molecules, is in fractional units, which happens due to hybridization between π-orbitals of
molecules and d-orbitals of metal substrate.15–18 A transfer of charge can cause geometrical
rearrangements of the molecules or/and alignment of energy levels on both sides of interface13. In
order to control the alignment of energy levels, an effective way to decouple the electron-rich
substrate and organic adsorbate is to insert an inert layer in between. This layer should have the
tendency to inhibit the charge transfer but provide necessary adhesion due to dispersion forces.
The use of a decoupling layer in technology is not new. A gate stack is used in Field Effect
Transistors to limit the tunneling current to the electrode. A thin silica layer (1.4 nm) is mostly
employed as a gate dielectric because of its inert nature.

19

The network of corner-sharing

tetrahedrons of one Si and four O atoms makes it the most inert 2D material available (bandgap of
about 6.5 eV).20 It is grown with very few defects by oxidation of silicon, which is readily available
in electronic industry.

21,22

Silicon dioxide is also a template for further research since many

interesting findings were reported for this material like mechanical exfoliation23 and real-time
transformation from crystalline to vitreous films.24,25 Observation of real-time transformation
forms the basis for better understanding of the future technology of switchable devices. Thin silica
films grown in UHV are also studied as a simulant for regolith of moon and other airless bodies.26–
28

Furthermore, probe samples of silica layer/layers can be prepared in Ultra-High Vacuum (UHV)
and characterized. Through experimental and theoretical research spanning many years, it is
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established that silica forms an epitaxially chemisorbed monolayer, self-terminating crystalline
physisorbed bilayer, or amorphous bilayer islands on metal substrates. For example, a selfterminating monolayer grows on Mo(112) surface29–32 while Pt(111) allows the growth of only
amorphous bilayer.33 These growth modes are linked to varying degrees of electron affinities of
the metal substrates.33 Electron affinity of Ru(0001) on the other hand lies in between the two
regimes. Hence, by changing adsorption conditions, it can be made to grow a self-terminating
monolayer containing Si-O-Ru bonds or a SiO4 corner-sharing bilayer film with Si-O-Si
linkages.34,35 The ability of Ru surface to allow growth of films of different thicknesses, makes it
a suitable candidate to study the effects of separation between metal and molecules. Moreover,
coverage of chemisorbed oxygen on a Ru surface can be altered by heating the film to certain
temperatures thus forming the so-called O-rich and O-poor films.36–38 These films are similar in
thickness and geometry, but they possess different electronic properties. Ru(0001) is also
considered a suitable substrate to grow overlayers of graphene39, a famous material, and other thin
films of industrial importance.40–42
Turning now to the molecular adsorbates, aromatic molecules have important industrial and
biological applications. They tend to form a delocalized π-cloud around the molecule, making
them more stable compared to aliphatic compounds.43 Furthermore, the addition of functional
groups (-N, -S, =O, -OH, etc.) alters the electronic structure, giving these molecules exciting
properties. We selected the simplest probe molecules namely benzene (C6H6) and pyridine
(C5H5N) for studying molecular adsorption characteristics. Nitrogen-containing molecules have
an extended lone pair of electrons. Also, N being more electronegative than C, makes the ring
electron deficient by attracting the π electronic cloud. Consequently, pyridine can either react by
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donation of N electron lone pair or acceptance of electrons by the π system. These contrasting
properties make N-containing molecules worth studying. Adsorption of molecules on metal
substrates has been studied in detail both computationally and experimentally and some studies
particular to the adsorption on Ru(0001) substrate are mentioned here.
Benzene is the simplest aromatic molecule with six C-H pairs forming a ring structure. Benzene
is predicted by both theory and experiment, to chemisorb flat on an hcp site on Ru(0001) surface
for low coverages. Lakshmikanth et al44 studied the adsorption of benzene on different metal
substrates, using DFT; comparing different vdW functionals. They predicted benzene to adsorb
such that alternate C atoms bind with three Ru atoms at a height of 2.18 Å using optB88 functional.
Fan et al45 also predicted the same adsorption site with an adsorption energy of 1.59 eV using
Troullier–Martins norm-conserving scalar relativistic pseudopotentials. Stellwag et al46 studied
using Low Energy Electron Diffraction (LEED) I-V measurements the adsorption geometry of
benzene on Ru(0001). They measured it to adsorb flat on an hcp site in a crown-like shape.
Observation of flat lying benzene has been reported in many previous experimental findings. 47–49
Similar results were also obtained for deuterated benzene on Ru(0001) surface with alternating
outward bowing of the C-D bonds of 24° and 9° via LEED, and 22° and 14° via DFT. 50 Weiss et
al51 measured the bowing of H atoms using Near Edge X-ray Absorption Fine Structure
(NEXAFS) and found it to be equal to 25°. Yakshinskiy et al52, Koschel et al53, and Shanahan et
al54, all observed that benzene chemisorbs on Ru(0001) surface and decomposes into C and H
fragments during Temperature Programmed Desorption (TPD). C species are left on the surface
while H leaves the surface as H2 gas.
Pyridine is a derivative of benzene with one C-H bond is replaced with an N atom. Like benzene,
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pyridine is also observed to chemisorb flat on a Ru surface interacting via π bonding. Bridge et
al55 using HREELS (High-Resolution Electron Energy Loss Spectroscopy) has shown that, at low
coverage, the molecule adsorbs as a flat π-bonded species. Jakob et al56 found using TPD and
vibrational spectroscopy that at higher coverage the molecule attains a slightly tilted N-bonded
configuration. Heating of N-bonded pyridine leads to more tilted N-bonded α-pyridyl species on
the surface. During Temperature Programmed Desorption, pyridine cracks and decomposes into
hydrogen, hydrogen cyanide and nitrogen products.54 Li et al57 also studied the adsorption of
pyridine on different metal electrodes and found evidence of both N-bonded and α-pyridyl species.
Garcia et al58 investigated the adsorption of pyrimidine, a variant of pyridine with one more N
replacing another C-H bond, on Ru surface by Hartree-Fock ab-initio method and Reflection
Absorption Infrared Spectroscopy (RAIRS) and shown that at low coverages it favors flat
configuration on hollow sites on the surface.
Computational Details
Density Functional Theory (DFT) calculations are carried out using PAW (Projector Augmented
Wave Method) implemented in VASP (Vienna ab initio Simulation Package)
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. For the

inclusion of van der Waals effects (vdW), optB88 exchange-correlation functional 63 is used, which
is verified to be close to experimentally measured values.15–17,64 The calculation for determination
of lattice constant for bulk Ru is carried out using 13x13x8 Monkhorst k-point mesh
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with an

energy cut-off of 800 eV. Calculated lattice constants (a=2.733 Å and c=4.303 Å) are comparable
to experimental values of a= 2.706 Å and c= 4.282 Å.66 Ru(0001) surface is modeled by a fivelayered slab with an orthorhombic supercell. The bottom two layers are fixed to their bulk
positions. Slabs are separated by a vacuum region of about 18 Å. A large unit cell is chosen to
minimize interaction between molecules from the neighboring unit cells. The energy cut-off for
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surface optimization used is 400 eV with the Monkhorst-Pack grid of 2x2x1. The calculations were
optimized until forces on ions are less than 0.01 eV/Å. Adsorption Energies (Eads) are calculated
by the relation:
Eads. = Esub + Emol − Emol-sub
While Esub is the adsorption energy of the substrate; i.e. Ru(0001) or silica-Ru(0001), Emol is the
energy of the molecule in the gas phase and Emol-sub is the energy of the adsorbed molecule on the
surface. With this definition, positive adsorption energy suggests the formation of a bond. Heights
are measured in Å, from the average of the top layer of the substrate to average positions of atoms
in molecules (not including H atoms). VESTA software 67 is used for the visualization of atomic
models
Results
Adsorption on clean Ru(0001)
For the adsorption of benzene, four different adsorption sites (bridge, fcc, hcp, top referencing
from the center of the molecules) are investigated. Bridge site is considered when the center of the
molecule is between two adjacent Ru atoms, while the fcc site is a three-fold hollow site. Hcp site
is also a three-fold site, but the center of the molecule is directly above the 2nd layer Ru atom and
the top site is when the center of the molecule is above the center of a surface atom. For pyridine,
two rotations with a mutual angle of 60o are also explored making total adsorption configurations
to be eight. Standing up configurations were also checked but they were not energetically
favorable. The details about most favorable adsorption configuration is shown in Figure 6.1.
Benzene molecule adsorbs most strongly (Adsorption Energy = 2.30 eV) centering on an hcp site
with alternate carbon atom adsorbing on top of three Ru atoms. Adsorption energy calculated to
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be 2.30 eV is close to previously calculated value of 2.28 eV using same functional.
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Benzene

breaks its planar geometry and hydrogen atoms curl upwards to make a bowl-like shape. The
bowing of hydrogen atoms is due to the decreased π-character of the molecule in favor of the new
bonds formed with the metal substrate.46 Since C atoms of benzene are either in an on top site or
a three-fold hollow site, attached hydrogen atoms bend away to different degrees. Alternate
hydrogen atoms bend away from the surface at 21.5° and 14.8° in excellent agreement with previous
LEED results for C6D6 of 24° and 9° via LEED and 22° and 14° via DFT.50 The adsorption height
of 2.19 Å is close to the previous measurement of 2.12 Å.46

Figure 6.1 Comparison of Adsorption energies (blue), Heights (red), and Charge Transfer
(green) of benzene and pyridine adsorbed on Ru(0001) surface.
Table 6.1 shows the adsorption energy, adsorption heights, and charge transfer for all stable
configurations. All four adsorption configurations were stable on the surface. On the fcc site, the
molecule adsorbs with 2.06 eV and a charge transfer of ~0.2 e− to the molecule. Though molecule
adsorbs with more charge transfer on a bridge site but adsorption energy (2.23 eV) is less than that
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of hcp site (2.30 eV). The top site was the least favorable one, with adsorption energy of 0.75 eV
and a height of 3.29 eV from the surface. Charge transfer is also close to zero. In all these
configurations, except for the top site, hydrogen atoms show some degree of curl away from the
surface. For the adsorption of pyridine, the highest energy adsorption site is like that for benzene
molecule with an N atom on an atop site, but the molecule is displaced slightly in [10 0] direction
as compared to benzene. Pyridine molecule adsorbs with slightly less binding energy (2.28 eV)
probably due to a decrease in the π-character because of the replacement of a C-H bond with an N
atom. Charge transfer is approximately double than that of benzene adsorption, though adsorption
energies and heights are similar.
The distribution of electronic charges and heights for each atom is shown in Table 1. Like benzene,
the pyridine molecule also corrugates slightly. The N atom sits closest to the surface at a height of
2.09 Å and loses 0.1 e− of charge from the gas-phase pyridine state. All C atoms pick some degree
of charge in accordance with their distance from the substrate. C1 and C5 which are 0.03 Å higher
than N atom get 0.2 e− of charge compared to free pyridine molecule. C2 and C4 are further away
by 0.15 Å from N atom position and they gain an average charge of 0.12 e − while the 3rd C atom
sits 0.08 Å higher than the N atom gaining a charge of 0.1 e−. The difference between charge
difference of hydrogen atoms is not much different while for their heights, 1st and 5th H atoms sit
0.24 Å higher than the N atom while 2nd and 4th H atoms are 0.54 Å higher while 3rd H
atom sits 0.35 Å higher.
Five stable configurations of pyridine found, are shown in Table 2. In all configurations, the
nitrogen atom bonds on atop site, which has also been observed on other metal substrates.
Second most favorable site (fcc-60, hcp-60, and top-60) differ from the most favorable site
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Table 6.1 Molecular adsorption on Ru(0001) at different sites: adsorption energies in eV,
adsorption heights in Å and charge difference of individual molecules from gas-phase
Benzene
bridge

fcc

hcp

top

Eads (eV)

2.23

2.06

2.30

0.75

Heights(Å)

2.29

2.22

2.20

3.29

Charge Tr

0.31

0.19

0.27

0.02

(e−)
Relaxed
configurations

Pyridine
bridge-

fcc-60

hcp-

top-60

bridge

fcc

hcp

top

60

60

Eads (eV)

2.14

2.27

2.27

2.28

1.40

Heights (Å)

2.20

2.18

2.18

2.18

3.57

Charge Tr (e-)

0.39

0.45

0.45

0.41

-0.05

Relaxed
configurations

discussed above, by only 10 meV. Molecule relaxes such that carbon atoms on the sides (1st, 2nd,
4th, and 5th Carbon atoms) adsorb on two adjacent Ru atoms while the nitrogen and the 3rd carbon
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atom adsorb on top of Ru atoms. Due to the small difference in energy values, various adsorption
sites are expected at room temperature because of thermal energies. In the bridge-60 configuration,
the molecule rotates and adsorbs with an adsorption energy of 2.14 eV. The least favorable site is
the top site in which the molecule adsorbs in an N down tilted position.
The Density of States (DOS) and Charge Redistribution
Let us now turn to the electronic structure of the systems at hand. Figure 6.2Error! Reference
source not found. show partial densities of states (PDOS) for the bare Ru(0001) surface and after
adsorption of pyridine. We plotted projected DOS for Ru atom closest to N atom of pyridine an
closest to C atom of the molecule. Adsorption of both molecules causes PDOS of d-states to
decrease around Fermi Energy due to interaction with the molecule (Figure 6.2 (a)). Among the dsub-orbitals, the occupation of dz2 decreases substantially due to interaction with molecular πorbitals. (see Figure 6.2 (b)). This depletion is also consistent with a charge transfer from the
substrate to the molecule. Very similar behavior is also observed for benzene adsorption (Not
shown). Similar behavior observed for surface Ru atoms suggests that the π-cloud is involved in
the bonding process as opposed to N lone pair.
[a]

[b]

Figure 6.2 PDOS of a) d-states and b) dz2-states of surface Ru atom (black) for pristine
Ru(0001), (blue) for Ru atom closest to N while (red) for Ru atom closest to C for pyridine
adsorption. Vertical Black line indicates the Fermi Energy.
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We also analyzed the d-band center ϵd and d-band width Wd for the Ru atom closest to the molecule
before and after adsorption (Table 6.2), as they can indicate the extent of a reactive interaction
between an adsorbate and a metallic substrate. It is found that the electronic structures of the
surface Ru atoms are modified after the adsorption of the molecule, beyond the decrease in density
near the Fermi energy, as described earlier. The center of the d-band shifts towards lower binding
energies while the width of the band increases. Such changes allude to the strong adsorption of the
molecule.70 The N-bonded Ru atom depicts a more pronounced change in d-band center and width
as compared to Ru atom directly below the C atom. The reason might be that the
redistribution of the electronic structure of the molecule also affects the substrate atoms, causing
Ru atom to show dissimilarities.
Table 6.2 The d-band center, d-band width and, their difference before and after
adsorption, calculated for the Ru atoms near the molecule, DOS of which are shown in
Systems and atom
positions
Clean Ru(0001)
C6H6-

Ru atom

Ru(0001)

below C
Ru atom

C5H5N-

below C

Ru(0001)

Ru atom
below N

ϵd (eV)

Wd (eV)

Δϵd (eV)

ΔWd (eV)

-2.18

2.85

0.00

0.00

-2.32

2.97

-0.14

0.12

-2.29

2.97

-0.11

0.12

-2.37

3.05

-0.19

0.20

In Figure 6.3, we plot the charge density difference of before and after the adsorption, averaged
on x and y coordinates to account for variations in the z-direction (perpendicular to the surface). It
is clear from Figure 6.3. that the presence of the molecule causes the charge in the top two layers
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of the substrate to be redistributed.
The charge gets accumulated in the interface between the molecule and substrate while there is
charge depletion at the position of the molecule. As, pointed out by Held et al 50 for the adsorption
of benzene, charge redistribution due to metal-molecule interaction is not a simple one-way charge
transfer from substrate to molecule rather it occurs by the redistribution of atomic charges in the
top layers of the substrate as well as in the molecule. This leads to the formation of a dipole at the
metal-molecule interface which affects the work-function of the system.
[a]

[b]

Figure 6.3 Charge Density Difference for a) Benzene and b) Pyridine adsorption. Side view of
the supercell is superimposed
In order to highlight the change in the electronic filling of the molecule after adsorption, the partial
densities of states for non-hydrogen atoms of the molecule are plotted in Figure 6.4. In both cases,
there are significant changes involved; suggesting a strong interaction. X. Jia et al also observed
similar changes in PDOS for adsorption of benzene on Ru(0001) and other metal substrates.64
The formation of new bonds between molecule and surface atoms greatly affect the electronic
structure of the molecule. The aromaticity of the molecule is also affected as evident from the loss
of planar geometry of the molecule after adsorption. Summarizing, the interaction between
molecular π-orbitals and d-orbitals of Ru atoms proves to be the cause of bonding between them.
The electronic charge is transferred to the molecule causing electronic rearrangements. Both
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molecules adsorb in a bowl-like shape with unequal upward bowing of different H atoms. Charge
redistribution also occurs for the top two layers of the substrate.
[a]

[b]

Figure 6.4 Partial Density of states (PDOS) of (a) benzene and (b) pyridine molecule in gasphase (red) and adsorbed on Ru(0001) (black) excluding H atoms. Black vertical line indicates
Fermi Energy
Benzene and Pyridine adsorption on silica covered Ru(0001)
In order to decouple the strong chemical bonding between benzene and Ru(0001), we have
investigated four structures, one for a (2x2) coverage of chemisorbed O monolayer (ML) silica
film, and three cases of bilayer (BL) silica with different O coverage: O(2x2), O(2x1), and
3O(2x2). A single system of ML is selected considering the detailed study done by B. Yang et al.
They have shown, using a computational analysis, that only a (2x2) coverage of chemisorbed O is
stable for ML silica film.71
Figure 6.5 shows the adsorption energies per adsorbate atom and heights of silica film for different
types of systems considered. It is evident that a ML film adsorbs on the metal substrate with much
higher adsorption energy than its BL counterparts. This is due to strong Si-O-Ru bonds present in
ML film while for BL films, Si-O-Ru bonds are broken to form weaker Si-O-Si bonds and film
interacts with the substrate via van der Waals interaction.
layer is 3.5 Å for ML and around 7.8 Å for BL films.
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Heights of the film from Ru top
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Bilayer

(2x1)
Bilayer

3 (2x2)
Bilayer

Figure 6.5 Adsorption Energies per adsorbate atom (left axis, red) and height from first layer of
Ru(0001) to top of the film (right axis, blue) for four types of substrates we modelled

[a]

[b]

[c]

Figure 6.6 Different orientations of benzene on silica covered Ru(0001). a) bridge site b) hollow
site and c) top site
The adsorption configurations considered for benzene and pyridine are shown in Figure 6.6 and
Figure 6.8. Three adsorption configurations i.e. bridge, hollow, and top for each type of film are
considered. Because of the separation between the adsorbate molecules and metal substrate, direct
hybridization between the two is not possible. In such a scenario, metal and molecule interaction
can occur in either of the two ways. Either there is integer charge transfer (ICT), in which integer
number of electrons tunnel through the film providing relatively strong interaction or it can interact
via weaker van der Waals forces. 72–74 The type of bonding depends on the metal work-function,
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nature of the inert layer, and electron affinity of the molecule.
Adsorption characteristics of benzene on different silica films are shown in

Error! R

eference source not found.. The adsorption strength on the silica surface is far less
strong as compared to the bare metal surface. Adsorption energies strength are roughly decreased
by a factor of four . The molecule remains flat with no bowing of hydrogen atoms alluding to the
weak interaction. Even the thinnest silica ML is enough to hinder the bonding strength. Charge
transfer values are less than 0.1 e-, which is considered to be the lower limit of Bader analysis.
Hence, we conclude that charge transfer is decreased from about 0.3e- of electronic charge to near
zero.

Figure 6.7 Adsorption height (left axis, red) and energy (right axis, blue) for adsorption of
benzene on silica covered Ru(0001) for different adsorption configurations and silica structures.
Structures are distinguished by thickness (monolayer vs. bilayer), Ru-adsorbed oxygen coverage
(2x2 vs. 2x1 vs. 3O-2x2 superstructures) and adsorption site (bridge – B vs. hollow – H vs. top –
T). Black lines correspond to the height associated with the silica-vacuum termination.
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A comparison between different films shows that variance among adsorption energies is around
100 meV. Such a small difference can be overcome by thermal contributions. This means that
benzene may easily diffuse from one adsorption site to another. Bridge site is slightly more
energetically favorable among the other two configurations with adsorption energies of 0.44 eV,
0.50 eV, 0.46 eV, and 0.46 eV for O(2x1)-ML, O(2x2)-BL, O(2x1)-BL and 3O(2x2)-BL
respectively. The height of the molecule above the silica surface is around 3.77 Å for the ML film
while it adsorbs at 3.42 Å, 3.45 Å and 3.67 Å for O(2x2)-BL, O(2x1)-BL and 3O(2x2)-BL
respectively. ML film, despite offering less separation, shows more decrease in adsorption strength
than corresponding BL film. Smaller adsorption strength and increased height for the adsorption
on a ML film are probably due to the strong covalent nature of Si-O-Ru bonds hindering further
adsorption. Among the BL films, benzene adsorbs most strongly for the O(2x2) coverage (least
number of O-Ru) and gets weaker with an increase in chemisorbed oxygen coverage. The presence
of electronegative O-atoms increases the dipole moment of the system.37 Increased dipole moment
pushes back the electronic cloud of the metal substrate resulting in weak adsorption.
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Figure 6.8 Different orientations of pyridine on silica covered Ru(0001). a) bridge-45 b) hollow45, c) top-45, d) bridge-90 e) hollow-90 and f) top-90
Similar to benzene, pyridine also show about four times decrease in adsorption energies from
pristine metal substrate to silica covered surfaces (see Figure 6.9) . As previously noted, due to
pyridine being non-symmetric, two adsorption orientations, 45 degrees and 90 degrees were also
analyzed for each case. The highest adsorption energy was found for bridge configuration
adsorption on 3O(2x2) to be 0.48 eV. The adsorption energies on different substrates has very
small variation of mere (<100 meV). No deformation of the molecule or substrate (not shown)
was observed. In all cases, charge transfer was less than tenth of an electron charge. No trend of
adsorption energies or heights were observed for different substrates. Similar adsorption
characteristics for benzene and pyridine molecules suggests that adsorption is dominated by van
der Waals effects instead of covalent bonding.
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Figure 6.9 Adsorption height (left axis, red) and energy (right axis, blue) for adsorption of
pyridine on silica covered Ru(0001) for different adsorption configurations and silica structures.
Structures are distinguished by thickness (monolayer vs. bilayer), Ru-adsorbed oxygen coverage
(2x2 vs. 2x1 vs. 3O-2x2 superstructures), adsorption site (bridge – B vs. hollow – H vs. top – T),
and binding orientation (90° vs. 45°). Black lines correspond to the height associated with the
silica-vacuum termination.

Partial Density of States (PDOS) for C atoms of benzene are plotted for silica covered systems
comparing with gas-phase and adsorbed state on Ru(0001) surface (see Figure 6.10). The
electronic structure of gas-phase benzene is retained after adsorbing on silica covered Ru(0001)
surface apart from small loss around -3 eV. The PDOS for adsorption on the bare Ru(0001) surface
is also shown for comparison. Persistence of gas-phase semi-conducting electronic structure after
adsorption is crucial in the light of the function of organic electronics.
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Figure 6.10 Partial Density of States (PDOS) of C atoms of benzene molecule in gas-phase
(black), adsorbed on Ru(0001) (red), O(2x1)-ML (blue), O(2x2)-BL (green), O(2x1)-BL (yellow)
and, 3O(2x2)-BL (orange) surfaces. Vertical Black line indicates the Fermi Energy
Conclusion
Adsorption of benzene and pyridine molecules on clean Ru(0001) surfaces are discussed using
DFT calculations. Both molecules favor lying flat on the surface interacting through their π
electronic cloud. Adsorption can be regarded to be chemisorption with adsorption energies of
about 2.3 eV. C-H bonds are curled up making a bowl-like shape evident of strong bonding.
Charge-transfer between molecule and metal lies in the range of 0.27 (for benzene) to 0.43 e- (for
pyridine). Substantial changes are involved in the electronic structure of molecules and substrate
due to the formation of new bonds.
Benzene adsorption on silica covered Ru(0001) was studied and compared with the previous case.
Inclusion of silica surface decrease the adsorption strength; physisorbing with adsorption energies
in the order of 0.5 eV (mostly due to the inclusion of vdWs interactions). Molecules adsorb flat on
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the surface with no observed geometrical distortion. Charge transfer is also much inhibited,
resulting in an unchnged semi-conducting character of the molecule upon adsorption. Thus, the
inclusion of an inert silica layer hinders the interaction with the metal substrate evident from small
values of charge transfer and adsorption energies. Benzene is found to adsorb less strongly on ML
silica film as compared to BL films. Comparison between different BL films considered, suggests
that the increase in chemisorbed O coverage on the metal surface decreases the adsorption strength
due to the so called “push back effect”.
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CHAPTER 7 EXPERIMENTAL AND COMPUTATIONAL STUDY OF
PYRIDINE INTERACTION WITH SILICA COVERED RU(0001)
Introduction
In chapter 6, we employed van der Waals inclusive DFT to evaluate the adsorption characteristics
of benzene and pyridine molecules with and without silica covered Ru(0001) surface. It was shown
that addition of silica layer between Ru surface and organic molecule decrease the metal-molecule
interaction strength by inhibiting the amount of charge transfer. Electronic structure of the
aromatic molecule change minimally when adsorbed on silica layer as opposed to drastic change
in case of bare metal substrate. In this way, by controlling amount of charge transfer, electronic
properties of organic material can be retained, still providing weaker bonding due to van der Waals
interactions. Since, both molecules show very similar results when separated by silica layer,
interaction is dominated by π-orbitals of C atoms than lone pairs of N atoms.
Though study in chapter 6 does a great job of exploring the molecule-insulator-metal interaction
and conclude important results, it is built on the frameworks of several approximations such as no
temperature contributions, defect-free material away from any atmosphere. In real life, none of
these simplifications are possible.1-4 In order to verify theoretical calculations, interaction of
pyridine molecule with Ru surface with and without bilayer silica layer is studies in UHV chamber.
Bilayer silica films were prepared by e-beam assisted physical vapor deposition (PVD) technique
and characterization is carried out by XPS, LEED and TPD.
Though, we would expect both molecules (benzene and pyridine), will show similar results,
benzene is hard to detect and analyze due to strong overlap of C 1s and Ru 3d peak regions in XPS.
In case of pyridine, presence of molecule or its fragments on the surface can be ascertained easily
by scanning N 1s region in XPS. Interaction of pyridine with pristine Ru surface is already well-
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documented and characterized and thus, omitted from the study. Some detail of pyridine
interaction with Ru is also mentioned in introduction of Chapter 5 and reader is encouraged to
consult it or references cited therein for more detail. In summary, pyridine is observed to chemisorb
flat, at low coverages, on Ru(0001) surface interacting via π-bonding and is decomposed into
hydrogen, hydrogen cyanide and nitrogen products under Temperature Programmed Desorption.
At higher coverages, more tilted N-bonded specie is also observed.5-7
It is also important to point out here that silica film grown on Ru(0001) are not free of defects
despite long range order. Crystallinity of the surface depends upon many factors especially cooling
time. Since, cooling rate was not rigorously controlled, obtained films contain defects such as
smaller or greater than six membered rings and large holes exposing Ru underneath. In order to
understand diffusion of pyridine molecule on or under silica film, NEB calculations are also carried
out. Thus, through theory as well as experiment, we are on the mission to explore in detail the
organic molecule interaction with silica covered Ru surfaces.
Experimental Details
Experiments were performed within an ultra-high vacuum chamber (base pressure of 3x10−10 Torr)
equipped with a four pocket, electron bombardment PVD source (Specs, EBE-4), Low Energy
Electron Diffraction apparatus (LEED, OCI Microengineering), a quadrupole mass spectrometer,
an Al K X-ray source (Specs, XR-50) and a hemispherical energy analyzer (Specs, Phoibos 150)
allowing for X-ray photoelectron (XPS).A Ru single-crystal cut to (0001) crystallographic plane
(Princeton Scientific, 99.999 %) was cleaned by several cycles of Ar+ sputtering and annealing to
1500 K. Surface cleanliness was verified by XPS and LEED. Silica growth recipe used is reported
in detail elsewhere,

1-5

briefly, Ru(0001) surface was pre-oxidized in an 3x10-6 O2 environment.

Silicon is deposited using PVD technique, by electron bombardment on Si metal rod. This
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increases the vapor pressure of Si ions in the chamber. Substrate is then annealed again in O2
environment to form silica film on the surface. Based on Si exposure time and post-oxidation
temperature, thin films of monolayer covalent bonded silica or bilayer free-standing silica layer
can be obtained. Characterization of the prepared film is carried out using core level XPS and
LEED images.
Pyridine (99 % pure) was processed with several cycles of freeze pump thaw to drive off
contaminant gases. Pyridine was dosed at low temperature of 140 K to ensure adhesion to the
surface. Sample is then heated with constant heating rate of 2 K/s up to 600 K and mass
spectrometry data is recorded. Core Level XPS and work-function measurement was done on a
separate sample with same dose amount to avoid possible alteration in the film due to high energy
photons. Sample was heated to 155 K and cooled back to 140 K and secondary electron cut-off is
measured. Same process is done for 168 K, 175 K, 188 K and 205 K to study the change in the
surface chemistry after multilayer pyridine desorption as mentioned in the text.
DFT calculations follows same parameters as mentioned in Chapter 6 and work function is
calculated as the difference between Fermi-Level and Vacuum level away from the surface. In
order to accurately define vacuum level, system is made such that molecule and silica layer is
present on both sides. For NEB calculations, a larger unit cell of 3O(2x2)-Ru(0001) with twice the
cross-sectional area of the models shown in Chapter 6 is created, such that 50 percent of the surface
is covered with bilayer silica. Ten total images were considered starting from pyridine adsorbed
on uncovered patch to beneath the layer. Only pyridine molecule is allowed to relax until forces
were less than 0.03 eV/Å while silica layer and substrate were fixed. Work function is calcu
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Results
Computational Results
Owing to size of pyridine molecule, it cannot pass through regular rings without deformation and
huge cost of energy. But it has the potential to pass through large holes in silica film to O-Ru
surface and adsorb there. The adsorption energy of pyridine on silica layer is on the order of half
an electron-volt as studied in chapter 5, thus, it can diffuse from one site to the other on silica film
and diffuse into holes in silica layer and adsorb beneath there. Adsorption energy on 3O(2x2)Ru(0001) surface is 1.97 eV, which is, understandably less than adsorption on clean Ru surface but
more than physisorption energy on silica covered surface. Thus, molecule will favor diffusion
through the silica layer and adsorption u n d e r n e a t h than remaining on top of silica surface.
The starting and ending configurations are shown in Figure 7.1 a), c) and b), d) respectively.

Figure 7.1 Relaxed configurations as endpoints for NEB calculation. a), c) and b), d) are side
and top views of initial and final configurations.
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Figure 7.2 Energy Path as calculated by NEB calculation between endpoints shown in Figure
7.1
The results of NEB calculation between the initial (1st) and final (10th) optimized states are shown in
Figure 7.2Error! Reference source not found.. Only a very small barrier of mere 30 meV is present
between the image 3 and 4 where molecule start sliding beneath the layer. Thus, diffused molecule
will not adsorb in the hole rather it will continue to slide under the layer by acquiring energy
through thermal vibrations. A barrier of about 80 meV to diffuse between the adsorption sites
beneath the layer (Image 4 and 9), diffusion process will likely continue until molecule-molecule
repulsive interactions will dominate and inhibit further diffusion. Further deposited molecules will
stay on the surface as physiosorbed entities.
Work functions clean Ru(0001) and four types of silica films studied (O(2x1) ML, O(2x2) BL,
O(2x1) BL and 3O(2x2) BL) with and without pyridine molecule are shown in the Figure 7.3. For
pristine Ru surface, reported value of Work function (5.37 eV) is very close to 5.28 eV calculated
here. For pristine BL surfaces, work function seemed to increase with increasing Ru bound O
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coverage for BL films. Similar trend is also observed by Wang et al using DFT and experiment.4
Work function of monolayer film is more than that of clean surface probably due to strong covalent
bonding with the surface which pushes the electron cloud away from the surface.4 Since, bilayer
silica interacts with the metal only by van der Waals, dominant effect on work function change is
caused by O overlayer on Ru surface. Adsorption of pyridine causes work functions of the system
to decrease in all cases with varying degrees. Work function is found to decrease by 0.6 eV for
low coverage of pyridine and upto ~2 eV for saturation coverage.6 We also found a similar trend
in work function measurements as explained in next section.
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Figure 7.3 Calculated work functions for Uncovered Ru(0001), silica covered Ru(0001) with
varying coverage of O bound to Ru with and without pyridine molecule. Oxygen coverage bound
to Ru is shown on x-axis with monolayer (ML) or bilayer (BL) silica coverage
Experimental Results
A silica bilayer was grown on Ru(0001) single crystal by PVD technique and recipe for the growth
is already explained by various authors.1 The epitaxy and chemical nature of 2D-silica bilayer was
ascertained by using LEED and XPS measurements. Pyridine was cleaned by several FreezePump-Thaw cycles to derive off added contaminant gases but, even after several cycles, mass-spec
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was able to detect small amounts of Mass 18 and Mass 32.

Figure 7.4 Temperature programmed Desorption spectrum for mass 79 from pyridine dosed
silica covered Ru(0001) surface
Several doses of pyridine (1L, 2L, 4L and 8L) were exposed via backfill method and corresponding
TPD of mass 79 (intact pyridine) and other fragment masses was recorded. We observed two peaks
of mass 79 at temperatures of about 180 K and 210 K as shown Figure 7.4. Varying the dose
amount increases the peak heights and no saturation was achieved up to 8L. This suggests that
both peaks corresponds to multilayer desorption of intact pyridine from the surface. Absence of
molecular desorption peak of pyridine suggests that pyridine decomposes into its fragments which
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either desorb or stay on the surface. Decomposition of pyridine was also observed on Ru(0001)
surface by Jakob et al6 and they only observed multilayer pyridine desorption at 145K, 167 K and
178 K. Apart from mass 79 atomic units, data for mass 52 (C2H2) was also recorded to observe
fragmentation of the molecules. Mass 52 spectrum was observed with similar peak positions and
comparable peak ratios as observed with mass 79 peak. Since ratio of physisorbtion to multi-layer
desorption peak intensities is same for both masses, observed cracking of pyridine was carried out
in the analyzer column instead of on the surface.

Figure 7.5 a) XPS peak forN-1s for as deposited pyridine at 140 K and heated to 155 K, 168 K,
175 K, 188 K and 205 K. b) Area of N 1s peak shown in (a) as a function of temperature.
c)Secondary electron cut-off measured at mentioned temperatures. For each measurement,
sample was cooled down to 140 K before taking each measurement.
In order to further explore the effects of pyridine adsorption, a separate 8L dosed sample was
heated to 155 K, 168 K, 175 K, 188 K and 205 K and core-level XPS peaks and Work functions
were recorded as shown in Figure 7.5. After initial dose, N 1s peak appears at 399.73 eV evident
of pyridine molecule. Wockel et al studied pyridine adsorption on Pt(111) by XPS and attributed
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399.5 eV peak to high coverage of pyridine. 9 Heating the system shifts the peak to slightly higher
B.E which re-crystallization of molecularly adsorbed pyridine as observed in TPD spectrum.
Work function of the film is also measured in addition to XPS core levels. Upon initial dosing of
pyridine, work function is lowered by ~0.6 eV. It is interesting to note that heating the system does
not change the work function. Even heating to 205 K, where all molecularly adsorbed pyridine
seemed to have desorbed, work function stay unchanged. This can only be explained if we consider
that cracking products of pyridine cause the work function shift and remain on the surface.
Discussion
Though silica film show long-range order of hexagonal symmetry, thin film often show larger or
smaller than six membered sings. In addition to that, silica film can have large areas of metal
completely uncovered. These large holes in the silica layer can allow pyridine molecule to crawl
under the carpet of silica. Due to mobility of molecules under the layer as observed in NEB
calculations, we expect them to diffuse and make a saturated layer. Adsorption energy of pyridine
close to metal is much more than on inert silica surface as shown in previous chapter, molecules
would bind strongly on the surface until molecule-molecule repulsion becomes dominant. Strong
interaction with metal allows for larger charge-transfer causing a change in Work function.
Heating the system above multilayer desorption temperature, causes the molecule to crack on the
metal surface. The cracked products remain in the system above 200 K and cause the workfunction to remain unchanged. Multilayers of pyridine adsorbed on silica surface seemed to not
contribute towards electronic structure rearrangements of the system due to weak binding.
Summarizing, we studied interaction of pyridine molecule with silica covered Ru(0001) using both
DFT and UHV surface-science techniques. Pyridine is found to diffuse under the silica layer and
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decompose into fragments. Diffused molecules are responsible for electronic structure
rearrangement as evident from changes in work function of the system.
References
(1) Löffler, D. et al. Growth and Structure of Crystalline Silica Sheet on Ru(0001). Phys.
Rev. Lett. 105, 146104 (2010).
(2) Büchner, C. et al. Ultrathin silica films: The atomic structure of two-dimensional crystals
and glasses. Chem. - A Eur. J. 20, 9176–9183 (2014).
(3) Włodarczyk, R. et al. Tuning the electronic structure of ultrathin crystalline silica films
on Ru(0001). Phys. Rev. B - Condens. Matter Mater. Phys. 85, 085403 (2012).
(4) Wang, M. et al. Energy Level Shifts at the Silica/Ru(0001) Heterojunction Driven by
Surface and Interface Dipoles. Top. Catal. 60, 481–491 (2017).
(5) Lichtenstein, L., Heyde, M. & Freund, H.-J. Crystalline-Vitreous Interface in Two
Dimensional Silica. Phys. Rev. Lett. 109, 106101 (2012).
(6) P. Jakob, D.R. Lloyd, D. Menzel, Pyridine on Ru(001): Thermal evolution, Surf. Sci. 227
(1990) 325–336.
(7) M.E. Bridge, M. Connolly, D.R. Lloyd, J. Somers, P. Jakob, D. Menzel, Electron
spectroscopic studies of pyridine on metal surfaces, Spectrochim. Acta - Part A Mol. Spectrosc.
43 (1987) 1473–1478.
(8) P. Jakob, D. Menzel, The adsorption of benzene on Ru(001), Surf. Sci. 201 (1988) 503–
530.

114

(9) Wöckel, C., Eilert, A., Welke, M., Schöppke, M., Steinrück, H. P., & Denecke, R. (2016).
Pyridine on flat Pt (111) and stepped Pt (355)—An in situ HRXPS investigation of adsorption
and thermal evolution. The Journal of Chemical Physics, 144(1), 014702.

115

APPENDIX: SUPPORTING INFORMATION FOR CHAPTER 5
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Optimized Structures:
Adsorption of N atoms:

Figure S 1 Side and top views of different stable adsorption configurations for single nitrogen
atoms on -MoN(0001). a,d) fcc, b,e) hcp, c,f) top
Adsorption of NH, NH2 and NH3 molecules:

Figure S 2 Side and top views of stable NH adsorption configurations on -MoN(0001). a,e)
bridge, b,f) fcc, c,g) hcp d,h) top
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Figure S 3 Side and top views of stable
adsorption configurations of NH2 on MoN(0001). a,c) fcc, b,d) top

Figure S 4 Side and top views of stable
adsorption configurations of NH3 on MoN(0001). a,c) fcc, b,d) top

Adsorption of H and H2

Figure S 5 Side and top views of stable adsorption configurations of H on -MoN(0001).
a,e) bridge-hcp, b,f) fcc, c,g) hcp and d,h) top

Figure S 6 Side and top view of stable adsorption configurations of H2 on the -MoN(0001)
surface. -v and -h represent horizontal and vertical configurations respectively a,f) fcc-v,
b,g) hcp-v, c,h) top-v d,i) top-h and e,j) top-h-R30o
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Energy Profile of Nitrogen Dissociation and Hydrogenation

a)

b)

a)

Figure S 7 Energy Profile for both reactions. a) Energy Profile for N2 dissociation reaction from
a bridge site, b) Energy Profile for N hydrogenation reaction to ammonia adsorbed in an hcp
site
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